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1.1 GENLRAL STATEMENT 
Phosphorites or rock phosphates are regarded as one of the most important 
economic minerals used by man. Nearly 90% of the total world phosphate output is 
utilized for the manufacture of a number of fertilizers like, superphosphate, triple-
superphosphate, di-ammoniurn-phosphate and mono-ammonium phosphate, which are 
essential for agro-industries all over the globe. Phosphates are also very promising 
potential source of not only a number of trace elements and by-products but also for 
the manufacture of phosphoric acid, detergents, water softening agents, 
pharmaceuticals, metal protection and gasoline additives, etc. (Sheldon, 1981; 
Banerjee, 1985; Notholt, 1991; Zanin and Zamirailova, 2007). 
Rock phosphate also referred to as phosphorites. are sedimentary deposits with 
high phosphorus (P) concentrations. These rocks are one of the primary sources for P, 
which in turn is a critical and non-renewable element for fertilizer production, upon 
which global fertility depends (Filippelli, 2011). The phosphorite is a non-detrital 
sedimentary rock which contains 18-20% phosphate bearing minerals (Slansky, 1986; 
Blatt and Tracy, 1996; Daessle and Carriquiry, 2008). the authigenic phosphatic 
particles in these sediments/sedimentary rocks are present as concretions (pellets, 
nodules and crusts), composed mainly of mineral francolite (Ca t o (POi CO3) F2_3), as 
lluorapatite typically in cryptocrystalline masses (grain sizes < 1µm) referred to as 
`cellophane' (Blatt and Tracy, 1996; Daessle and Carrigsuirv, 2008). They are hosted 
in a calcareous or siliceous groundmass, commonly having greenish, brownish, 
yellowish or whitish colour. The dark brown to black phosphorite beds range from a 
few centimeters to several meters in thickness, 
Typical phosphorite beds contain about 30°i'o P20, and constitute the primary 
source of raw materials for most of the world's production of phosphatic fertilizers. 
Alteration of phosphorites tends to leach carbonates and sulfides and increase the 
percentage of P,O,. The Phosphoria Formation contains about 34 percent P20s near 
the surface as compared to depth, where it is about 28 % (Kharin, 2009). 
Phosphorites generally occur in three principal types: (i) regionally extensive. 
crystalline nodular and bedded deposits, (ii) localized C0HcemrafiOns of phosphate-
rich clastic deposits (bone beds) and (iii) guano deposits. Broadly phosphates can be 
grouped as: (i) Primary phosphates that have crystallized from a liquid; (ii) secondary 
phosphates formed by the alteration of primar% phosphates and (iii) fine grained rock 
phosphates formed at low temperatures from phosphorus-bearing organic material, 
primarily undenveter. 
The phosphorites of the Sonrai basin, district Lalitpur in Uttar Pradesh was 
discovered in 1977 (Pant, 1980). The rock phosphate occurs in Sonrai (240  18' 00" : 
78° 46' 00") which is associated with the rocks of Jamuni and Rohini Members of the 
Sonrai Formation and is mainly concentrated in a stretch of 27 km with a width of 5 
km between Pisnari (240  19' 00" : 780  44 30") and Berwar (24° IS' 30" : 78° 54' 00). 
West of Jallendhar (24° 18' 45": 78° 43' 53") outcrops are scanty, (Kothiyal et al., 
2002). These deposits have been investigated by many earlier workers from point of 
view of their geological and economic importance. However, the details of 
geochemical characteristics of these rocks have not been taken so far. In the present 
study new gcochemical data of advance nature on Lalitpur phosphorites are utilized to 
deal with the major, trace and rare earth element geochemistry in order to determine 
their abundance, distribution pattern and interelement relationship of phosphorites, 
ultimately to interpret their impact on phosphatic mineralization. 
Therefore the present investigation may be considered as a first  serious 
attempt to study the geochemistry of the Lalitpur phosphorite deposits and the 
associated rocks in order to present a conceptual genetic model not only for these 
deposits but also to apply the same in area of similar geologic and environmental 
setting. 
1.2 LOCATION OF THE. AREA AND ACCESSIBILITY 
The district of Lalitpur Latitude (24° 1 I'N and 250  13'N) and Longitude (78° 
11'E and 79° 0'E) surrounded by the adjacent district Jhansi in the north. Saar (M.P.) 
in the south, Tikamgarh and Chhatatpur districts in the East and Shivpuri and Guna 
districts (M.P.) in the West. the western boundary of the district runs along river 
Belwa for about 96 ]ems. Ttte south-western boundary is formed by Narain Nandi, the 
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north-eastern by river Joann for about 65 kin and the south-eastern boundary for 
about 40 kms by Dhasan Nadi. The total geographical area of the district is 5039 sq. 
Inns. The Sonrai basin in Lalitpur district is located at the extreme south-west corner 
of Uttar Pradesh. the basin is 28 kin long and 5 km wide. and shows an east-west 
extension. The study area follows the regional east-west strike and forms a westward 
plunging syncline on a regional scale, with closure on the eastern side. They are 
faulted against the northern crystalline rocks and the Berwar formations to the south. 
East and west are covered by the flat-lying Vindhyan conglomerate and sandstone 
(Prakash et at., 1975; Roy et al., 2004). 
1.3 CLIMATE OF THE AREA 
The climate of the study area is sub-tropical and is characterized by a very hot 
dry summer and cold winter. Like other districts of the Bundelkhand region, this also 
shows four distinct seasons. Summer is from March to mid-June and Monsoon from 
mid-June to September follows post-monsoonal transition between October and 
November, while the winter months are from December to February. The day 
temperature is the highest during Map/June (45°C) which falls steeply with the onset 
of Monsoon in mid-June or July. It rises again around September and goes a little 
higher during October. With the beginning of winter, the temperature falls and 
becomes minimal in January. The usual months ot'rainfall are from mid-June to the 
end of September. July being the maximum raining month followed by August and 
September. Sometimes during winters, especially around the middle of January, there 
is a cold wave associated with the rains which may last for several days. The climate 
presently is not as marked and predictable as it was earlier in the last century 
(h ttp:49 all tpur. rile.  in' ge o gr aph. htm ). 
1.4 PHYSIOGRAPHY 
The entire district of Lalitpur is hilly and meets the abrupt northern 
escarpments of the Vindhyan Plateau in extreme south. The hills in the south occur in 
small groups or in continuous narrow chains running parallel to each other from 
north-east to south-west and the ridges being mostly bare having slopes covered with 
thick scrub jungles. In the south, the average height of the Vindhyan Plateau is 500 
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metres above sea level and it falls up to 00 metres in the north. The plateau is 
intersected by wide valleys and the entire tract is covered with vegetation varying 
from scrub and thorn to trees. From the base of the plateau to the town of Lalitpur 
there is black soil plain hich is dissected b\ numerous rig ines and nullahs and is 
characterized by an undulating topography. Further north\%arils is an uneven tract of 
red soil (Ghat, 1997). 
The area is generally rocky. The north of the scrap of the Vindhyan Plateau, 
undulating plain of black soil interrupted with scattered hills and scoured by 
numerous drainage channels, stretches north beyond the town of Lalitpur and 
gradually becomes rockier. Low red hills of granitoid rock then appear with long 
ridges running from south-west to north-west. In general. the slope is towards the 
north. There is an uneven red soil tract marked by the existence of numerous bare or 
rocky hills dotted with scrub up to the northern part of Lalitpur and Mehroni Tehsils. 
It is also traversed by long quartz reefs and diversified by lines of rocky hills. The 
soils of Lalitpur are also representative of Bundelkhand comprising all the four 
varieties. The soils here have developed form the Vindhyan ranges of rocks which in 
this area are formed of gneiss, granite. In the Lalitpur district, there are two main soil 
types, one is the black soil and another is red soil. Inspite of these two, the Mar soils 
are found in Balabehat in the southern part of Lalitpur, which is highly clayey in 
texture. A strip of alluvial soil is also found in the western part of Lalitpur district 
(http:!%Ialitpur.nic.in/geograph.htm). 
1.5 DRAINAGE AND VEGETATION 
Lalitpur district has a good natural drainage towards north and north-east 
exhibited by the flow of rivers like Betwa. Jamni, Dhasan. Narain, Shahzad and 
Sajnam. There are also numerous dams and reservoirs built during post-independence 
period, although ponds have been there from ancient times like in other parts of 
Bundelkhand. Betwa River originating from near Bhopal. first touches district 
Lalitpur near Dhokri village and is joined by a Narain river at the same point. Betwa 
flows northward to make the district's western boundary and turns north-east forming 
its boundary with Jhansi district. l3etwa has been dammed at Matatila and a multi-
purpose inter-state Rajghat dam has been recently built for icncration of electricity as 
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well as irrigation in l'ttar Pradesh and Nladh%a Pradesh. Dhasan River. a tributary of 
Beta. touches Lalitpur district at the south-eastern tip and flows for about 38 
kilometers before it re-enters the neighbouring district of' Tikamgarh of Madhya 
Pradesh. Jamuni Ri\er is an important tributary of Beta 	hich enters l.alitpur 
district cutting through the forest near \Iadanpur village, and flows northward for 
catchment area of about 45 kilometers leaving the town of Mehroni on its right. It 
then takes north-easterly bend and after catchment area of 6 kilometers, further, 
comes to form the boundary of the district for about 60 kilometers. It comes very 
close to the Betwa just before it finally leaves the district. Jamuni has been dammed 
within Lalitpur district. The important tributaries of Jamuni are Sajnam and Shahzad 
rivers which join it at Chandawali and Hazari village respectively. These streams 
drain enormous volumes of water during rains while in other seasons they shrink to 
narrow channels. Shahzad, an important river flowing by the side of Lalitpur town, 
has been dammed to make Govind Sagar reservoir of Lalitpur. Sajnam has also been 
dammed in this district. There is another small stream named Rohini, a tributary of 
river Dhasan, which flows in the north-east direction across the Mehroni tehsil in the 
south-west corner of the district. Rohini has a small dam built for the purpose of 
irrigation. As already clear from the number of dams and reservoirs in this district, the 
irrigation potential is high. Prior to it, the main sources of irrigation were masonry by 
the farmers themselves and 93% irrigation was done by these wells only. The 
initiation of canal system made wells irrelevant for the time being 
(http: /'!lal itpur. nic. in/geograph.htm ). 
The Lalitpur district is covered with vegetation varying from scrub and thorn 
to trees. The dry tropical species of vegetation capable of sustaining on low rainfall 
are found in abundance. The forests in the district may be classified into three types: 
the northern-southern dry miscellaneous forests, the northern thorn forests and the dry 
tropical scrub forests. The main species of trees found in the first type are Dhak, 
Khair. Mahuu, Tenths, Teak, Ghani, Salai, Bans, etc. In the second type are Khair. 
Thuar. Ghont. In the dry tropical scrub forests species like Sian. Kotai. Be!, Ghont. 
Khair and occasionally Bamhou are found. The forest area decreases from south to 
north. l he dense forests are found in the Vindhyan plateau and the undulating tract of 
the district. Timber trees are generally found on the Vindhvan slopes, Teak along the 
Betwa. the Masan and the lamuni and Salai on flat hills. The area under Timber trees 
is meager, just sufficient to meet the local demands. The leaves of7endu are used in 
the Bii1 industry. The forests which occupy an area of about 67 thousand hectares are 
not much of commercial importance. The main species. e.g.. Khah; Babul. Dhak. etc. 
are tit for fuel fire u cod is the main forest produce (Bhat, 1997). 
1.6 PHOSPHORITE DEPOSITS IN INDIA 
During the last two decades, India achieved a major breakthrough in the 
discovery of large reserves of sedimentary phosphorites through an intensive 
exploration programme. One of the oldest and largest Paleoproterozoic phosphate 
deposits occur as stromatolitic phosphorites (tip to 35 wt% of P205) in the 
Jhamarkotra Formation of the Lower Aravalli Group in Rajasthan, India (Banerjee, 
1971; Chauhan, 1979; Papineau, 2010). 	The estimated reserves of various 
phosphorite deposits in India are Jhamarkotra (17 mt and 3600 mt); Matoon (9.20 mt); 
Kanpur and other localities (4.0 nit and 4.75 nit) in Rajasthan; Hirapur-Mardeora 
(1.44 mt) and Jhabua (5.67 mt and 2.04 mt) in Madhya Pradesh; Pithorgarh and 
Mussoorie (18.0 mt) in Uttrakhand and Lalitpur (5.0 mt) in Uttar Pradesh (Fig. 1.1). 
This shows the most outstanding attainment of the systematic prospecting and 
exploration of rock phosphate deposits in India. Other phosphorite 
deposits/occurrences of the Country have been reported in the Hazaribagh and 
Singhbhum districts of Bihar; Purulia in West Bengal; Aru Valley in Jammu and 
Kashmir; Chamba, Mandi, Bilaspur, Mahasu and Sirntur in Himachal Pradesh; 
Paritibha, Garwal, Nainital in Uttarkhand; Jaisalmer and in some parts of Jodhpur 
districts in Rajasthan; Khammam, Warangal, Karimnagar, Adilabad, Kasipamam, 
Mehboohnagar, Kurnool districts in Andhra Pradesh; Triehirapalli, S. Arcot in Tamil 
Nadu. the Union Territory of Pondicherry, Laccadive Island in Arabian Sea (Dar, 
1970; Khan and Khaki, 2008). The grade of the cretaceous phosphorites from the 
onshore of Tamil Nadu is 18 to 26%, (Rao et al., 2007). The average grade of the 
Quaternary phosphorites oil the south east coast of India is 4 to 31%, (Rao et al., 
2002), the comparative study of Pleistocene phosphorites from the continental slope 
off western India shows the grade of 29% (Rao of al., 2000). 
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Fig. 1.1. Generalized map showing location and grade of rock phosphates of the India (modified after 
Pant et al., 1979). 
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1.7 STATUS OF LALITPUR PHOSP[IORITE DEPOSITS 
Phosphorite deposits of Lalitpur constitute an economically significant 
component of the Precambrian Bijawar Group in Uttar Pradesh. Bctncecn 1972 and 
1979. the area ryas prospected in collaboration with United Nations Development 
Programme. The detailed integrated survey included geological mapping on 1:5.000 
scale, soil and stream sediment sampling, geochemistry, geophysical survey and 
diamond drilling (Bogdanov and Prakash, 1974: Srivastava, 1989). The occurrence of 
rock phosphate was first recorded in the field season 1975-1976. Strong radiometric 
anomalies, up to eight times of the background, were recorded near or on the 
quartzitic breccia (Ingre and Mehrotra, 1974). These anomalous zones showed 
positive correlation with high grade phosphorite lenses of secondary origin associated 
with silicified breccia. This correlation helped in delineation of phosphorite zones. 
The Sonrai Formation of this area has four phosphorite horizons occurring over a 
strike length of about 12 km. the phosphorites are found to occur as lenticular and 
detached bodies throughout the Sonrai Formation of the Bijawar Group. It is massive, 
laminated and brecciated and at places criss-crossed by veinlets of apatite. Individual 
bodies range from a few meters to about 4 Ian in length, and width varies from thin 
bands to about 125 meter with P205 concentration ranging from 10 to 20%. Estimated 
reserves of the Precambrian phosphorites of Lalitpur area are 5 million tones with an 
average grade of 25%, based on detailed studies of two prominent lensoid bodies of 
phosphorite, (Pant et al, 1989). Khan et al. (2012a), discuss the percentage of P205 in 
phosphorites of the Sonrai basin, Lalitpur district as an average 29.89%. Significant 
concentration of uranium has also been reported from the phosphorites of the Sonrai 
basin of Lalitpur district by Roy et al. (2004). 
1.8 PREVIOUS WORK 
Singh and Goyal (1972) revealed that the copper mineralization in the Bijawar 
Series around Sonrai (Precambrian) which are faulted against the Bundelkhand 
granites, show copper mineralization at several localities between Sonrai and Tori. 
Chalcocite, cuprite and malachite ate the main copper ore minerals, with minor 
amounts of covellite, tenorite and chalcopyrite. 
Bogdanov et al. (1974) stated that the minerogenetic zones. Tori-Rerwar and 
Jamuni Dhasan are extremely important for the discovery of gold, iron, copper, lead-
zinc and uranium. Ile also discovered Strata-controlled galena-sphalerite 
mineralization with in parts of the Rohini Vember. Sonrai basin. He discos cred first 
gold occurrences in the rocks of the Pre-Cambrian Ber,%ar Formations to the east of 
Sonrai Village, Lalitpur district. Geological environment of Berwars is considered as 
peculiar and somewhat similar to many important gold provinces. the lower 
terrigenous part of the Berwar is suggested to be an old placer with heavy accessory 
minerals (tourmaline, zircon, chromium and titanium minerals, native gold, etc). 
Prakash (1975) suggested that the entire area was subjected to two major 
phases of sedimentary—volcanic processes before regional granitization during the 
Achacan. Granitization, in preferred tectonic block, led to the younger Bijawar-
Vindhyan basin. Ile also suggested that base-metals, gold, uranium and possible 
nickel mineralization occurs within the different stratigraphic-tectonic environments 
recognized in this area. 
Banerjee (1982) stated that the Upper Vindhyan rocks in the Sonrai area, 
suggest an accretionary type of prograding deposition, gradually shifting its locus 
outward and westward from the cratonic borderland of the Bundelkhand Granite 
Massif. He also reported millisite and wavellite minerals of more advanced 
weathering cycle from samples of Sonrai area. 
Pant et al. (1989) presented a lithostratigraphic sequence of the Bijawar Group 
in the Lalitpur district and divided into three formations: the Berwar, Sonrai and 
Solda. He explained that brecciated quattzite Member comprises brecciated quartzite 
and lensoid bodies of phosphorite with quartzitic and phosphatic matrix cementing 
angular to subangular fragments of quartzite. He also suggested that lithological 
character of some rocks, particularly reddish shales, indicate oxidizing conditions, but 
the occurrences of micrite and pyritiferous dolomites and black pyritiferous shales 
suggest reducing conditions of deposition. So, it represents alternating oxidizing and 
reducing environments of deposition basin of the Lalitpur area. 
So far as the geochemisuy is concerned, little work has been done in Lalitpur 
area. However. Pant et al (1989) analyzed few major elements like P205, CaO, Si02 
and Fe20; from the samples of the area. 
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Srivastava (1989) investigated in geology, sedimentation, exploration strategy 
and origin of the Bijay.ar phosphorites at Sonrai, Lalitpur district. He also reported 
that the apatite is the only phosphate mineral with quartz as the main gangue. Cheri, 
goethite, lepidocrosite. calcite. sericite and clay minerals are present in minor 
amounts. He also reported X-rap diffraction analysis of samples which revealed that 
fluorapatite and quartz are the dominant minerals, while micaceous minerals. 
hematite, chlorapatite, nude, anatase, calcite, diaspore and boelunite, are also present 
in smaller amounts. 
Krishnamurthy (1990) studied the delineation of Deccan Trap outcrop 
extensions using satellite remote sensing techniques in Lalitpur district and revealed 
that hitherto unknown bounding lineaments of the area indentified through satellite 
remote sensing and the abrupt termination of quartz reefs in the northern extremity of 
the area, suggesting block faulting leading to the preservation of Deccan Trap rocks 
which might otherwise have remained exposed and eroded. 
Singh and Bagchi (1994) suggested that the uranium mineralization is 
associated with bitumen and base metals in the Bijawars of the Sonrai basin along 
Sonrai-Pisnari-Tori tract, Lalitpur district of Uttar Pradesh. 
Kothiyal et al. (2002) studied that rock phosphate in the Lalitpur district 
occurs between Sonrai and Jetupura. The phosphorite is associated with the rocks of 
Jamuni and Robini Members of the Sonrai Formation and is mainly concentrated in a 
stretch of 27 km with width of 5 km between Pisnari and Barwar. 
Roy ct al. (2004) revealed that bituminous shale of the Seurat Formation of the 
Bijawar Group hosts uranium mineralization in Sonrai. Lalitpur district of Uttar 
Pradesh. He also revealed that the radioactivity due to uranium in bitumen shale is 
mainly intercepted in boreholes rather than on the surface. 
Farooqui et al. (2006) discussed that the incidence of Pt and Pd along with Au 
and Ag have been recorded in the serpentinised peridotite near Ikauna village, 
Lalitpur district, which are in contact with gabbroie/diorite and granitic rocks in the 
north and dioritic rocks in the south. 
According to Rawat et al. (2010) the petromincralogical and geochcmical 
studies of the quartz reefs of Bijawar basin confirmed the association of uranium 
mineralization with reddish brown apatite infiltration along fractures and joint phases. 
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Apart from this, flaky and pale green secondary uranium minerals observed in thin 
sections were confirmed as phosphuranylite and uranophane by X-ray Diffraction 
(XRD) analysis, 
iha et at (2010) while studying clay mineralogy of Bijawar rocks of Seurat 
basin (Lalitpur). observed that the Sonrai formation is characterized by common clays 
(Kaolinite > chlorite > illite > smectite). 
Jha et al. (2012) discussed mineralogical studies on Bijawars of the Sonrai 
basin, indicating paleo-environmental implications and inferences on the uranium 
mineralization. 
Khan el al. (2012a) inferred from distribution and inter relationship of the 
major, trace and rare earth elements, that the deposition of phosphate minerals might 
have occurred in highly oxidizing to slightly reducing conditions in supratidal to 
intertidal continental margins and shallow marine environment. 
Khan et al. (2012b) discuss the rare earth element (REE) geochemistry of 
phosphorites of the Sonrai area of Paleoproterozoic Bijawar basin. The post ,Archaean 
Australian shales (PAAS) normalized REE patterns of the Sonrai phosphorites were 
characterized by negative Ce and positive Eu anomalies. 
1.9 AI_M AND OBJECTIVES 
The aim of present investigation is to make a detailed study of the Lalitpur 
phosphorites and associated rocks with special reference to their geochemistry, 
mineralogy and genesis. Much work has not been carried out on these phosphorites by 
the earlier workers in the past and various views regarding the geology, stratigraphy, 
structure, genesis, etc., have been expressed from time to time. The present 
investigation has been, thus, undertaken with a view: 
➢ To evaluate the governing factors involved during the process of phosphorite 
formation. 
➢ to understand the chemical and biological processes in the phosphorite 
deposition. 
To analyze the geochemical behavior, distribution and dispersion of major, 
trace and rare earth elements (REEs) of phosphorites and associated rocks. 
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To delineate the depositional environment of phosphorite deposits using 
advance REE data particularly the Eu and Ce anomalies. 
lo interpret and Identity the important phosphate bearing minerals on the basis 
of XRD and SEMI techniques. 
lo study the mineralogy and chemistry of the various rock units, to understand 
the genesis of the various minerals present in the phosphorites and to access the 
quality of the deposit. 
l'he present study would, therefore, envisage to study and critically investigate 
the geochemistry of the phosphorite deposits of Lalitpur area in an attempt to throw 
more light on the genesis of the phosphorites and also their physical and chemical 
conditions of deposition. 
As a part of this investigation a detailed mineralogical and geochemical 
studies of phosphorites have been envisaged in order to evolve a conceptual model for 
the origin of the Lalitpur phosphorite deposits primarily on the basis of their 
geochemistry in relation to the various contemporary physical and chemical 
environmental conditions of depositional basin. 
With limited time as well as restricted resources and facilities available in our 
country for such an investigation of worldwide importance, the author tried to present 
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CHAPTER-II 
METHODS AND TECHMQUES 
2.1 FIELD INVESTIGATIONS 
With the help of geological maps and topographic sheets (54L/15, 54L/1 I, 
54L/16) of the area sampling was carried out. 87 fresh and unweathered 
representative samples (6"x 4") were collected from the field at regular interval. 
2.2 LABORATORY INVESTIGATIONS 
2.2.1 MICROSCOPIC STUDY 
Thin sections of the representative samples of different lithological units were 
prepared in the laboratory. The mineralogical and petrographic characters of 
phosphorites and associated rocks of the area were systematically and carefully 
examined under the plane polarized light and between crossed nicols. The optical 
description of the same is given in the foregoing chapters. 
2.2.2 ANALYTICAL TECHNIQUES 
40 fresh samples were selected lbr chemical analysis. The procedures adopted 
for chemical analyses are given in the foregoing pages. For preparation of solution SO 
gms of each sample was taken for crushing and powdering. First of all the samples 
were crushed in a steel mortar to coarser fractions free from secondary association 
then they were handpicked and dried in the oven at 100°C to eliminate the 
hygroscopic moisture. The coarse material was further crushed in porcelain mortar till 
it became medium to tine grained. Finally, the material was finely powdered in 
centrifugal ball mill and sieved by standard sieve of -200 meslr. The powder of each 
sample was packed in bottles and numbered properly lbr analysis. 
(n) X-K4YFLUORFS('L'NCF SPECTROINFTRYXRF) 
After petrographic studies, the appropriate samples were selected for 
geochemical analysis of their major oxides like SiO;, A1203. TiO2. MnO, CaO, MgO, 
Fe203. Na,O. K,Q P,O; by X-ray Fluorescence Spectrometry (XRF). 
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[lie major element geochemical analysis was carried Out at National 
Geoph\sical Research Institute (NGRI). Ilvderabad. 1'he major elements were 
determined from pressed pellets. «hich were prepared by using collapsible aluminium 
cups i (;u\ II. 1985 ). These cups are tilled with boric acid and about I gm of the finely 
powder rock sample was put on the top of the boric acid and pressed under a 
hydraulic press at 20 tons pressure to get a pellet. The sample pellets were analyzed 
using a Philips MagiX PRO model PW-2440 wavelength dispersive X-ray 
fluorescence spectrometer (XRF) coupled with automatic sample changer PW 2540. 
The data of the analysis are given in Table 5.1 and 5.2. 
(b) I:\'D UCTI VEL Y CO UPL ED PLASMA-MASS SPECTROMETR Y (ICP-MS) 
Trace and rare earth elements (REE) were determined by inductively coupled 
plasma-mass spectrometry (ICP-MS) technique using Perkin-Elmer, SC! EX, Model 
ELAN DRC-II system at National Geophysical Research Institute (NGRI), 
Hyderabad. Analytical solutions of the samples for geochemical analysis were 
prepared by open acid digestion method (Roy et al, 2007). 50 mg (0.0500g) powder of 
rock sample was taken in a clean dried PTFE Teflon beaker. Each sample was 
moistened with a few drops of ultra-pure water. Then, 10 ml of an acid mixture 
(containing 7:3:1 HF: IINO3: I-1C104) was added to each sample. Samples were 
swirled until completely moist. The beakers were then covered with lids and kept 
overnight for digestion after adding I nil of 5µg ml's Rh solution (to act as an internal 
standard). The following day. the beakers were heated on a hot plate at — 200°C for 
about 1 hour and the lids were removed and the contents were evaporated to incipient 
dryness until a crystalline paste was obtained. The remaining residues were then 
dissolved in 10 nil of 1:1 IINO1 and kept on a hot plate for 10 minutes with gentle 
heat (70°C) to dissolve all suspended particles. Finally, the volume was made up to 
250 ml with double distilled water (purified water) (18 MS2) and stored in polythene 
bottles. This solution. stored in polythene bottles, was used for the determination of 
trace and REE elements by inductively coupled plasma—mass spectrometry techniques 
(ICY-\IS). The instrumental and data acquisition parameters are same as given by 
Roy et al. (2007). The precision of ICP-\IS data is better than ± 6% RSD for all the 
trace elements and REF and was obtained in all cases with comparable accuracy. All 
the available data were standardized against the international reference rock standards 
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NISI-120C for phosphorites and dolomitic limestones and FER-1, JG-2, SCO- I for 
ferruginous sandstones. quartzites and shales respectively. The trace and rare earth 
element (REF.) data is presented in Table 6.1. 6.2. 7,1 and 7.2 respectively The 
ranges of 'ariation and average trace element and REE concentrations of the 
phosphorites are gi' en in Table 6.3 and 7.3 respeclivel}. 
(c) X-RAYDIFIWACTOMETER (XRD) 
X-ray Diffractometer is an instrument used for analysing the structure of 
crystalline materials from the scattering pattern produced when a beam of X rays 
interacts with it. The crystal structure is a unique parameter of a mineral. Regular 
arrangements of cations and anions in a crystal lattice make the basis of the most 
reliable method of identification. Each crystalline substance has a particular 
diffraction pattern which is like a finger print of its crystal structure. X-ray diffraction 
study provides an insight on the internal array of atoms. When a monochromatic X-
ray beam falls on a crystal surface it is diffracted in a manner partly analogous to 
reflection of light from a surface. Atoms scatter incident X-rays in all directions and 
in some of these directions the scattered beams will be completely in phase and so 
reinforce each other to form diffracted beams. '1'lie Bragg's law states that when the 
angle 0 between the incident X-ray beam and a planar array of atoms in a crystal 
satisfies the relation n7,. — 2d sin 0 (n is an integer, X is the wave length.'d' is the 
interplanar spacing and 0 is the diffraction angle), X-rays are diffracted by the array. 
For each (hid) plane in the crystal, there is a discrete value of 0 at which diffraction 
occurs. This angle depends only on the interplanar spacing and on the characteristic 
wave length of the X-rays. This technique is, therefore, considered as an essential tool 
in the investigation of mineral components of a rock. 
As the intensity of diffracted light very much depends upon the state and grain 
size of sample, the preparation of sample is very important. In order to obtain a good 
diffraction pattern of a mineral, the sample must be ground to approximately <200 
mesh size. The finer fraction of -200 mesh powder of few samples was taken and put 
into the glass slide holder and loaded on the sample of the machine. The diffraction 
data were obtained with a RIGAKU-ULTIMA IV X-ray diffractometcr, using nickel 
filtered Cu Ka radiation at National Institute of Oceanography (NIO), Goa. This 
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incorporated a focusing monochromator from a tube separated at 40 kV and 20 [ILA. 
The divergence and scatter slits were I' aside and the receiving silt 0.1 mm wide. 
Samples were run at 25°C i.e.. room temperature and the line profiles were 
recorded at scanning rate of 0.02° 20/second. The scan was made over an angular 
range of 8" to 70° 20 and the chart speed was 10 mm per minute. The range conditions 
chosen were lx 10 CPS and 4x 10' CPS to permit maximum resolution of the peaks 
and sufficient peak intensity for accurate measurements. Diffractogratns so obtained 
were used for mineralogical characterization. 
The X-Ray peaks was carefully measured and the minerals were identified by 
conversion 20 values'd' using the table of National Bureau of Standards, series 10 of 
U.S. Department of Commerce. The mineralogical identification was done by 
measuring the intensity of each reflection against their respective d values. The 
maximum reflection then was taken as 100 and each reflection was converted to 
nearest whole number with respect to this 100 percentile maximum reflection. This 
was done to obtain a definite intensity ratio. The mineral identification was done by 
following the X-ray identification charts of Match Software and International Centre 
for Diffraction Data (ICDD) or Joint Committee on Powder Diffraction File (JCPDF) 
cards. 
(d) SCANNING ELECTRON MICROSCOPE (SEM) 
the rock sample was broken into small pieces and freshly broken surfaces of 
few of the phosphorite samples were taken and kept on a carbon tape which is pasted 
on a metallic stub without touching the hand. The sample is coated with a thin coating 
of gold sputter cotter. The sample is then observed under JCOL 580OLV scanning, 
electron microscope (SEM), attached with EDS analyzer at various magnifications to 
see the shape, size and nature of the grains of phosphate minerals and good 
photographs were obtained with maximum resolution at an acceleration voltage 20 kV 
facility at National Institute of Oceanography (NIO, (ioa. 
2.2.3 LOSS ON IGNITION METHOD (LOl) 
Loss on ignition was determined by fusing the sample in the muffle furnace 
upto 1000°C temperature and loss in weight due to water vapours and other gases was 
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calculated in percent. Few samples were done at the geochemistry laboratory, 
department of geology, Aligarh Muslim Lniccrsity; others were done at the National 
Institute of Oceanography (NIOI. Goa and rest at National Centre for Antarctic and 
Ocean Research (NC:AOR). Goa. The procedure adopted is given below: 
The empty silica crucibles were 'Neighing exactly using the mass balance and 
note the mass (n,). The 1 Ag sample powder was added to the crucible with the spatula 
and note the total mass (n: = silica crucible + sample powder). Place the crucibles into 
the muffle furnace at 450°C temperature and leave the crucible in it for 8 hours. After 
that crucibles were taken out and put into the desiccators after cooling at room 
temperature. Then each crucible was re-weighing immediately. It is the total mass 
(n j). Then the LOI was calculated using the formula: 
LOI (weight %) = 100 x [(n2-n3) 1 (nz-ni)j 
Where. 
nit Weight of the empty crucible 
n2= Weight of silica crucible + sample powder 








3.1 GENERAL STATEMENT 
The Paleoproterozoic to Mesoproterozoic Sonrai basin, Lalitpur district is a 
small intracratonic basin with geochemical imprints of fluid interaction with host 
rocks (]ha et al., 2010). the exploitable phosphorite deposits of Lalitpur district are 
associated with a variety of phosphatic breccia, dolomitic limestone, shale, 
ferruginous sandstone and quartzite with iron content and constitute a part of the 
Paleoproterozoic Bijawar Group of south west of Uttar Pradesh. Due attention has 
been given to describe the more important stratigraphic, lithologic and sedimentary 
features of the rock formations as well as phosphorites associated with them. Briefly, 
the important contribution made by some of the previous workers on the regional 
stratigraphy, structure and tithology of the formation in the Bijawar Group have been 
reviewed for an appraisal of their general geologic set-up. 
During the course of geological survey of the phosphorite deposits of Lalitpur 
district, a wealth of local information pertaining to the lithologic and topographic 
features besides sampling of specimens for eeochemical analysis, were systematically 
collected. 
3.2 REGIONAL GEOLOGY 
Three rock groups of Archaean to late Precambrian age are found to occur in 
the area: Bundelkhand Group, the Bijawar Group and the Vindhyan Super Group, in 
ascending order. The Bundelkhand Group consists mainly of granitoids and enclaves 
of older metamorphic rocks, and is unconformably overlain by the sedimentary rocks 
of the Bijawar Group. The Vindhyan Supergroup unconformahly overlies the vast 
areas occupied by the Bundelkhand and Bijawar Groups. Late Mesozoic to early 
Tertiary- Deccan Traps form isolated and scattered outcrops overlying all three older 
groups. The Bijawar and the younger Vindhyan, fringe the southern margins of the 
Bundelkhand granite massif (Pig. 3.1). The regional succession is given in Table 3.1. 
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(Late Proterozoic 1400-600 my) 
Bijawar Group: 
(Early Proterozok > 1800 my) 
Berwar Formation/Bundelkhand Granite 
Complex 
(Archean) 
Basalts and related dykes 
Vindhyan Sandstone, 
conglomerates and shale 
Quartz breccia, quartzite, shale, 
sandstone, 	limestone 	and 
ironstone 
Dykes, 	schists, 	gneisses, 
pegmatite, conglomerate, quartz 
veins 
3.2.1 BUNDELKHAND GRANITIC COMPLEX (BGC) 
The major portion of the southern (Peninsular) part of Uttar Pradesh and 
adjoining areas of Madhya Pradesh is made up of Achaean to Proterozoic rocks. 
These rocks occur in four zones/areas and are referred by different name as: (i) the 
Bundelkhand Gneissic Complex of the Bundelkhand area, (ii) the Mahakoshal belt in 
the Sonbhadra district (iii) the Dudhi Complex of the Sonbhadra district, and (iv) the 
northeastern continuation of the Banded Gneissic Complex of Rajasthan forming part 
of the Aravalli Hill ranges and concealed underneath the Quaternary deposit in Agra 
and Mathura district (Kumar, 2005). 
The main rock unit of Bundelkhand Granite Complex (BGC) is a large, 
bluntly triangular tract of slightly foliated massive granite which occupies the 
northwestern half of Bundelkhand, most of the Sagar, Chhatarpur, Gwalior and Datia 
districts of Madhya Pradesh and adjoining states of India. This granite is passing 
through strongly-foliated gneiss to a '`Gneissic Complex". The tract is sharply 
bounded by a scrap, several hundred feet in height of Vindhyan or of Bijawar rocks, 
which though ancient are younger than the granite. The granite sometimes forms hills, 
but the general features of the ground are gently undulating, sparsely-cultivated 
uplands with shallow valleys and alluvial plains, transversed at an interval by quartz 
veins in the form of abrupt wall-like ridges (Pascoe, 1965). Occasionally occurrence 
of banded or foliated equivalent rocks in certain areas within the granite does not 
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make any change in the nomenclature of the Bundetkhand Granite. Due to wide 
variation in mineralogy and structure of the granite and gneisses from place to place, 
the Achaean rock formations have been grouped together as `Bundclkhend Complex" 
that formed the basement sequence In the Sonrai basin, Lalitpur area. The Bijawar 
Precambrian rock group overlies the basement rock croup with a proposed 
unconformity at its base. 
The Bundelkhand Complex comprises granite, granite-gneissesigneissose-
granite, schists and later intrusives (Jhingran. 1970). The associated metasediments 
are believed to be a pan of the early sedimentary package, which provided a floor to 
the subsequent granitic intrusions and sediments. These sediments are believed to 
have been granitized in different stages, giving rise to different types of granites 
(Banerjee, 1982). 
The Bundelkhand includes T.alitpur, Shansi, Mahoha and parts of Banda 
districts and is divisible into two sub-geomorphic units-the rocky terrain and the 
alluvial terrain. The former comprises mainly of Archean to Early Paleoproterozoic 
rocks- the Bundelkhand Gneissic Complex, comprising various types of gneisses with 
enclaves of metasediments dating 3.5 G., granites. quartz reefs and dolerite dykes. 
These rocks impart an undulating topography, and are covered by regolith and/or 
Early Pleistocene Banda Alluvium of the alluvial terrain which is considered a part of 
the Indo-Gangetic Plain and is much older than the Ganga Plain. It is made up of 
sediments of Lower Pleistocene age and is considered to be equivalent to the Upper 
Siwalik and deposited along with the southern margin of the Siwalik Basin. 
3.2.2 BIJAWAR GROUP 
Bijawar Group of rocks is exposed in a narrow linear zone resting 
unconformably over the Bundelkhand Gneissic Complex in parts of the Shansi and 
Lalitpur districts of southern Uttar Pradesh. The Vindhyan Supergroup 
unconformably overlies the Bijawar. 
The Bijawar Group has been mapped in detail near Sonrai, district Lalitpur 
('fable. 3.2). 1 he rocks strike ENE-WSW with low to moderate dips towards south. It 
has undergone two phases of folding. 'I'tic folds of the first phase have low plunge 
towards west with axes running parallel to the general strike to the beds. The 
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development of open folds and warping has been related to second phase of 
deformation. 
Table 3.2. Lithostratigraphy of the Bijawar Group near Sonrai, district Lalitpur, U.P. (after 
Prakash et al., 1975; Srivastava, 1989; Raju et al., 1994). 
Formation Member Lithology Thickness 
Lower Dulachipura Conglomerates (polymictic), shale, sandstone 50 m 
Vindb an 
------------- -------------- -------------UNCONFIRMITY--------------------- ------------ 
Hadda Alternating bands of ferruginous shale and 
quartzite Gritty quartzite 1800 m 
Dhori Sagar Dull greenish to earthy tuffaceous shale, at 
Solda places highly ferruginous 200-260 m 
Bandai Medium to coarse grained buff to brown 
sandstone 30-50 m 
------------- -------------- --------------POSSIBLE BREAK------------------ ------------ 
Tholeititic lavas with pillow structures 
Kurrat Upper- 	thin 	bedded 	siliceous 	dolomites/ 100-125 m 
limestones with lensoid quartzite 
Lower-Brecciated 	quartzite 	with 	lensoid 200-225 m 
phosphate bodies 
Son rai 
Dark carbonaceous shale with thin bands of 20-30 m 
Gora-Kalan phosphorites and disseminated pyrite 
Pink 	to 	grey 	siliceous 	dolomite/limestone, 180-200 m 
Jamuni purplish shale, rudite and grit 
Fushcite quartzite 
Pebble conglomerate 
— ----------- -------------- ---------------UNCONFORMITY----------------- ------------ 
Basement of Bundelkhand granite and gneisses 
According to Krishnan (1968), the quartzites, sandstones and sometimes 
conglomerates form the basal members of the series resting unconformably over the 
Bundelkhand Gneissic Complex. Siliceous—limestones and hornstone-breccia are also 
associated with the quartzites. These are rather irregularly distributed and are of less 
than 60 meters in thickness. They are overlain in turn by ferruginous sandstone 
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containing pockets of hematite. The rocks are either horizontal or dip to" ards south-
east. At few places in the south they have been subjected to crushing and disturbances 
before the Vindhvan were deposited. 
The phosphorites occur at Sonrai area in the Western 131jawar basin. district 
Lalitpur. Uttar Pradesh. where Cu. Ph. Zn and U- minerals are intimately associated 
with the secondary phosphorite horizons (Banerjee et al., 1982). The major rock types 
of the Bijawar formation include siliceous-magnesium-limestones, hornstone-breccia 
and red shales. Systematic mapping of the formations by Rajarajan (1978) indicates 
that the Bijawar rocks constitute an asymmetric anticline and a syncline plunging 
towards south-east. The Bijawar sediments along with associated volcanics lie either 
directly on the Bundlkhand granites or the granite-gneisses of the basement or on the 
metamorphic foliated schists (Krishnan. 1968, Banerjee. 1982). 
3.3 GEOLOGY OF THE INVESTIGATED AREA 
The Paleoproterozoic metasedimentary rocks of Bijawar Group overlain the 
Archaean Bundelkhand Basement Complex and underlain by Vindhayan Supergroup. 
These were deposited as small intracratonic basins like Sonrai. Flarapur and Gwalior 
Basins (Jha et al., 2010). The Sonrai rift basin (Fig 3.1) preserve volcano-sedimentary 
units of Late Achaean to early Proterozoic age (Sharma, 2000). The Bijawar Group of 
rocks constitutes a well defined, though poorly studied rock entity. and is named after 
the township of Bijawar, %%- here they define the eastern Bijawar Basin. The Sonrai 
phosphorites occur within Early Proterozoic (>1800 my) Bijawar Group, which forms 
a part of tectonic-sedimentary block of platform cover designated as Jamuni-Dhasan 
tectonic block (Bogdanov et al.. 1974). 
The Bijawars in Sonrai area of Lalitpur is located at the extreme south-west 
corner of Uttar Pradesh and form a linear belt, extending for about 28 km long and 5 
kill wide showing an east-west direction. They are faulted against the northern 
crystalline rocks and the Berwar Formations and to the south, east and west are 
covered by the flat- lying Vindhyan conglomerates and sandstones (Fig. 3. 1). 
The l3ija ars are folded to form a large west-south-west plunging 
svnclinorium. the southern limb of which is concealed below the \' indhvan rocks in 
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Fig. 3.1. Simplified geological map of phosphorites of the Lalitpur district, Uttar Pradesh, India (modified after Prakash et al., 1975; Roy et al., 24). 
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(300-600) dipping sequence in the west and central part of the basin. In the eastern 
part, usually flat folds have developed with dips changing to west or even north-west. 
The folds are closely related with east-west trending decollement surface. Such major 
surfaces have developed along (i) the contact of Sonrai Formation with basement 
complex and (ii) the contact of Rohini Carbonate with Gorakalan Shale (Prakash et 
al., 1975). The planes of decollement have been intruded by rocks of diabasic 
composition, which are present as lenticular bodies and are often strongly chloritised. 
The Gorakalan Shale member acts as a major surface of decollement with the 
overlying Rohini Carbonate and Bandai members relatively more strongly deformed. 
The surface is marked all along the strike by brecciation and strong silicification with 
pockets and lenses of secondary phosphate, essentially parallel to bedding. Structure 
has played a major role in the development of high-grade phosphate by supergene 
processes. The folds and decollement are cut by faults oblique to general strike. Some 
major faults trending NE or NW are conjugate to folding, while others parallel the 
fold axes. The faults cause minor horizontal separation of beds and are interpreted as 
mainly normal faults. The NW set displays scissor type movements with increasing 
vertical throw in the SE. Both the NE and NW sets are rooted in the basement and 
also cut the younger Vindhyan rocks indicating post Vindhyan reactivation 
(Srivastava, 1989). 
The lithostratigraphy of the area given by Pant et al. (1989) is shown in the 
Table 3.3. The lithostratographic units of the Bijawar Group in the Lalitpur district are 
better exposed and are divided into three formations: Berwar, Sonrai and Solda 
Formations. The Berwar Formation, which occurs at the base. contains banded 
hematite-quartzite, chloritie shale, quartzite and pebbly conglomerate. The overlying 
Sonrai Formation is divided into four members, which in ascending order are: (a) 
Shale Member consisting of dark grey, olive grey, reddish and black shales with 
carbonate rock and phosphorite bands; (b) Brecciated Quartzite Member comprising 
brecciated quartzite and lensoid bodies of phosphorites with quartzite and phosphatic 
matrix cementing angular to subangular fragments of quartzite; (c) Tori Member with 
ferruginous massive quartzite and massive botryoidal and brecciatcd phosphorites and 
(d) Rohini Member with its coeval Kurral Lava Member. The Rohini Member 
consists of thinly bedded, light grey shaly dolomitic and pink sandy carbonate rocks. 
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The uppermost Solda Formation is divided into three members: (a) the Bandai 
Member at the base consisting of sandstone and grits which are calcareous at places; 
(b) the overlying Dhauri Sagar Member with tuffaceous shales and (c) the uppermost 
Hadda Member comprising quartzite and shale intercalations. 
Table 3.3. Stratigraphy of the Bijawar Group in Lalitpur district, Uttar Pradesh, India (after 
Pant et al., 1989). 
VINDHYAN Vindhyan sandstone, etc. 
SUPERGROUP 
-------------------- -----------------------UNCONFORMITY-------------------------------------- 
Hadda Member Quartzite shale intercalations 
Solda 
Formation Dhauri 	Sagar Tuffaceous shale 
Member 
Tuffaceous shale, sandstone and 
Bandai Member grit 
Rohini 	Member/ Sandy, 	shaly 	and 	dolomitic 
BIJAWAR Kurrat lava carbonate rocks, Basic volcanics 
GROUP Sonrai and pillow lava 
Formation 
Tori Member Massive 	quartzite 	with 
phosphorite 
Brecciated Quartzite Brecciated 	quartzite 	with 
Member lensoid bodies of phosphorite 
Shale Member Grey, green and red shales with 
Barwar Banded 	hematite 	quartzite, 
Formation chloritic 	shale, 	quartzite 	and 
conglomerate 
------------------------------------------------UNCONFORMITY------------------------------------ 
BUNDELKHAND Bundelkhand Granitoids Complex with pegmatite and 
GROUP quartz veins, etc. 
Later on Roy et al. (2004) pointed out the stratigraphic set up (Table. 3.4). 
The Bijawar Group is underlain by Bundelkhand Granite and overlain by the rocks of 
Vindhyan Supergroup. Ultrabasic, basic and granitic intrusive mark the thrusted 
contact of Bijawars with the Basement Complex. The lithounits of Bijawars are 
mainly grouped into two formations: Solda and Sonrai (Table 3.4). 
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Table 3.4. The stratigraphy of Bijawar Group near Sonrai area Lalitpur district, U.P. (after 




Solda member Ferruginous shales 
Dhorisagar Member Massive quartzite and grits 
SOLDA Chlorotic Shale 
FORMATION 
Bandai Member Sandstone 
Kurrat Volcanics 
Calcareous 	interbedded 	with 
calcilutite 	and 	well 	laminated 
Rohini Member bituminous shale with massive pink 
and grey carbonates and silicified 
phosphatic breccias at the base. 
SONRAI 
FORMATION 
Gorakalan Shale Grey to black carbonaceous shale 
often pyritic 
Jamuni Member Calcareous 	laminated 	shale, 
calcirudite, 	brown 	thick 	bedded 
limestone, dolomite and grit 
---------------------------------------------UNCONFO RM ITY-----------------------_ 
BERWAR FORMATION 
RAJAULA FORMATION 
-------------------------------------------UN CON FORMITY---------------------------------__.---- 
BASEMENT COMPLEX/BUNDELKHAND GRANITE 
3.3.1 PHOSPHORITES (PHOSPHATIC BRECCIA) 
In hand specimen the phosphatic breccia is reddish brown in color and fine to 
medium grained. The rock is composed essentially of innumerable angular fragments 
of chert and quartz embedded in a groundmass of iron oxides and secondary silica. 
There are some thin minor veins of chert and iron oxides. The rock is hard, compact, 
bedded and ferruginous but non laminated. These brecciated-phosphorites are 
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gradually merged into the host rocks. Their structural characteristics are very similar 
to these of the associated rocks, In other words, these brecciated bands behave as 
distinct lithological units and are present in the Bijawar Group. They have also 
undergone folding like other lithe units in the study area. As such, they appear to be 
intrafortnational sedimentary breccia only. The rocks consist mainly of clasts of 
subangular to subrounded cherty rnaterials, quartz (which may be derived from 
quartz-veins/reefs), quartzites, schistose rock fragments and other host rocks of the 
Bijawar Group. The intergranular spaces of these brecciated phosphorites are filled 
with secondary silica, iron-oxides and calcareous material in the form of matrix, 
which varies from ferruginous mudstone to a ferruginous cherty mass (Fig. 3.2 and 
3.4). 
Phosphatic breccia generally contains fragments of apatite and other 
phosphatic minerals embedded in dark brown cherry matrix or sometimes ferruginous 
material (Nagaraju et al., 2011). Such brecciated phosphorite deposits have also been 
reported in metasediments from 11daipur area, Rajasthan (Chuhan and Sisodia, 1984; 
Banerjee et al., 1984), in carbonate rocks of metamorphosed volcano sedimentary 
sequence of Purulia region of West Bengal (Bhattacharyya and Bhattacharya, 1989) 
and in Bijawar rocks of Sagar-Chattarpur districts of Madhya Pradesh. Brecciated 
rocks rich in apatite and magnetite have also been reported from Singhbhum thrust 
belt areas of Jharkhand and phosphatic breccia in Proterozoic metasedimetary 
sequence of Betel district of Madhya Pradesh (Nagaraju et at., 2011). 
3.3.2 ASSOCIATED ROCKS 
The associated rocks of Lalitpur phosphorite deposits were studies in detail. 
These rocks include quartzites, dolomitic limestones, shales and ferruginous 
sandstones. The description of these rocks is given below,. 
(a) QUARTZITE 
The quartzite is more common type of basal rock of the Bijawar Formation. It 
is generally white and medium to coarse grained. Occasionally, it appears pebbly 
consisting of white quartz. The predominant mineral in the rock is quartz that occurs 






Fig. 3.2. 	Showing sample photographs of phosphatic breccia of the Lalitpur district. 
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secondary solutions. There are several thin laminations of secondary silica and iron 
oxides seen at the outer margins of the rock. It is observed that at places the quartzite 
is replaced by siliceous-limestone. ferruginous shales, ferruginous sandstones and 
quartz breccia forming the basal member. At places the hrecciated quartzite contains 
angular to surrounded and rounded pieces of quartz embedded in iron-oxide matrix. 
The reddish color may be due to the presence of iron oxides (Fig. 3.3a). 
(b) DOL Oa1I TIC LIMES TONES 
Limestones are dolomitic in nature and are found to occur conformably over 
the quartzite which directly overlies the basement of granite-gneisses and schists of 
Bundelkahnd Complex with unconformity at its base. The siliceous nature of the 
dolomitic limestone has been explained as an effect of shattering together with 
alternating strata of limestones and quartzites giving an intermixed mass of siliceous—
limestones. The limestone formed the valley floors because of its greater 
susceptibility to chemical weathering. The rock too is highly siliceous and is 
associated with thin layers of silica and shapeless aggregations of chert. However, 
massive limestone forms major part of the sequence in the Bijawar Series (Krishnan, 
1968). The dolomitic limestone is usually bluish-grey in colour, though it is 
occasionally interbanded with light grey and dark grey varieties which is calcitic, pure 
and subordinate in amount. Siliceous (cherty) veins are common in the dolomitic 
limestones though there are some veins of iron oxides which rarely occur together. 
The bluish grey variety of dolomitic limestone is more or less highly dolomitized. The 
elephant weathering has been observed in dolomite limestones (Fig. 3.3b). 
(c) Sit -I L_E.S 
In hand specimen, the shales are grey. reddish-brown and dark in colour. They 
are tine to medium grained hard and compact due to cementation by ferruginous and 
siliceous materials. They show primary bedding, laminations and current bedding. 
Some of the shales are having small cracks and minor fractures. These shales are 
actually highly ferruginous throughout the area due to their close association with 
ferruginous sandstones and iron-ore beds. The shales conformably overlie the 




Fig. 33. Showing sample photographs of associated rocks (a=quartzite, b=dolomitic limestone, 
c=shale, d=ferruginous shale and e=ferruginous sandstone) of the Lalitpur district. 
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Bundelkhand complex. Most of the shales are ferruginous. siliceous (cherty). The 
reddish brown color of these shales may he due to the presence of iron-oxides 
and/secondary iron-coating. The primary and secondary structures are often found in 
these shales (Fitz. 3.3c and d). 
(d) FERRUGLVOL S S.4 'VDSTO.V'ES 
In hand specimen, the ferruginous sandstones are dark red to steel grey in 
color. Grain size of these rocks varies from fine to medium. Grains are mostly 
euhedral and granular to sub-angular. They are hard compact showing metallic lusture 
and conchoidal fracture. The beds are red colored iron-ores occur in the Bijawar 
Series, in which the proportion of iron is often so high that they could be considered 
as valuable ores of iron. The bodies of iron-ores are found as pocket fillings or lenses 
or associated with the shales. Most of the iron-ores occurring in this area are of pellety 
or concretionary type with small rounded and oval pellets cemented together in a 
ferruginous matrix. Massive and compact variety of iron-ores is rarely found in the 
area. These iron-ores do not show any kind of bedding or significant sedimentary 
features in any part of the investigated area (Fgi. 3.3e). 
3.4 MODE OF OCCURRENCE OF PIIOSPIIORITE DEPOSITS IN PARTS OF 
LALI1'PL'R DISTRICT' 
The phosphorite horizon in the Lalitpur area is associated with pink to white 
brecciated massive quartzite. shale. dolomite and limestone of the basal unit. The 
phosphorites occur in the form of stratified lensoid bodies and appear to be of 
sedirnentar) residual type. These extend in length from 50 to 250 in and range from 
in to 35 in in thickness (Sant. 1979). These deposits are generally grey to brownish in 
colour, hard, compact. bedded. ferruginous and non laminated. The rock mass is 
composed essentially of innumerable angular fragments of quartz embedded in a 
groundmass of iron oxides and secondary silica. The phosphorites of the Sonrai Basin 
are found to occur as lenticular and detached bodies throughout the Formation of the 
13ijaN~ar Group. Individual bodies range from a few metres to about 4 km in length. 
and width varies from thin hands to about 125 in (Fiji. 3.4). The occurrence of 
phosphorites is confined to the Sonrai Formation, at four distinct stratigraphic levels. 
The first horizon, at the base. consists of massive to brecciated phosphorites and 
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occurs within the lower reddish shales, with at least three hands. The second horizon 
occurs at the base of the brecciated quartzite member, overlying the black shales, and 
consists of brecciated phosphorites containing lensoid bodies with phosphorite 
cement. these phosphorites could be the basal part of the brecciated quartzite. The 
third horizon consists of massive to brecciated phosphorites and occur within the 
brecciated quartzite [his horizon contains angular to subangular fragments of 
quartzite cemented by high-grade phosphorites. It is widespread and amenable to 
beneficiation. The fourth uppermost horizon overlies the brecciated quartzite and is 
the most important phosphorite in the Sonrai basin. This horizon is overlain by 
ferruginous quartzites (Pant et al., 1989). The brecciated nature of the quartzite may 
have resulted from the removal of the soluble components of the underlying limestone 
and ensuing collapse of quartzite (Pant or al., 1979). 
The phosphorites in the Sonrai Formation occur as discrete beds in the 
siltstone-shale section of Jamuni member and dolomite sequence of Rohini Member. 
The secondary residual and replacement phosphorites occurring in the Sonrai 
Formation belong to the Metachemcial phosphorites. The phosphorites resulting from 
supergene weathering in the Rohini Member occur as, (i) breccia fillings, forming 
veins and lenses in silicified breccia; (ii) lensoid bodies of precipitated apatite with 
concentric banding and lenses of aphinitic phosphorites of replacement phase, on the 
hanging wall of silicified breccia and (iii) purely residual mantles of phosphatic 
sandstone and shale. Near surface, the secondary phosphate bodies have a width up to 
60 m in the down dip direction; however, they thin out rapidly and gradually grade 
into grey colored primary phosphatic dolomite. The lithological characteristics of the 
secondary phosphate are very distinctive. The residual phase is of pinkish brown 
color. Iron oxide is generally high in this zone. Another type of secondary 
phosphorites is the phoscrete, which is a product of later weathering. Phoscrete occur 
as surficial crusts over phosphorite beds and adjacent pan of the sections and are 
considered as weathering product of Tertiary to recent times. Though phosphatic 
sediments were present in the Jatnuni and Rohini Members, but economically 
significant grade of phosphorites was of secondary origin associated with the silicified 
breccia in the Rohini Member and with sittstone shale assemblage in the Jamuni 
Member (Srivastava, 1989). 
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Several lensoid bodies of phosphorites have been located o\er a strike length 
of about 15 km towards west of Sonrai and east of Jetupura in Bijawar Group of rocks 
in South Lalitpur district. The phosphorites occur within the brecciated massive 
quartzite in a sequence of phosphatic shales and dolomitic limestones. as lensoid 
bodies with stratiform control. It varies in thickness from 5 to 35 rn apart from a 
number of small lensoid bodies. Six individual lenses have been found extending for a 
distance of 50 to 250 in along strike. So tar, no definite stromatolites have been 
identified associated with the phosphorites. but some of the botryoidal layering in 
phosphorites may perhaps be algal in origin. The phosphorites also occur within the 
zones of high radioactivity (Pant, 1979). 
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4.1 GENERAL STATEMENT 
More than 180 mineral species are known to contain 1% or more of P105 . 
However, most of the phosphorus in the earth's crust occurs in the mineral apatite, a 
principal primary mineral., which is a phosphate of calcium, with fluorine and 
chlorine. The structure of apatite is convenient for the substitution of a wide variety of 
other elements. For example, a small amount of VO4, As204, SO4, and CO may 
substitute for the equivalent amount of PO4. The fluorine (F) may partly or completely 
be substituted for Cl- or OH with minor amount or traces of Mg, Mn, Sr. Pb, Na. Li, 
Ce, and Y and other rare earths, which may be compensated by an ionic replacement 
of the opposite nature. As a result, wide variety of apatite is found in nature. In the 
same locality, there may be dilTerent varieties of apatite. There are a number of 
secondary minerals derived from apatite during the weathering of phosphate rocks of 
guano. According to the available literature, the important phosphorus bearing 
minerals are: brushite (HCaPO4, 2H40); monetite (HCaPO4); whitlockite [li-
Cao(PO402]; crandellite CaAI2(PO4)OH5H2O; wavellite [A130H3(PO4)2,5H20]; 
taranakite K2AI6(PO4)e(OH)2,18H20; millisitc (Na, K) CaA16IPO4(OH)9 311201; 
variscite (AIP04. 21120); strengite (FePO4. 21-I20). 
In the sedimentary series it was long thought that the calcium phosphates 
consisted mainly of a fluorine-bearing amorphous material known as "collophane" or 
'collophanite'. Modem mineralogical studies, however, show that this apparently 
amorphous substance is, in fact, erypfoerysuolIine or microcrystalline and is made up 
of minerals of the apatite family. The most frequent mineral in the sedimentary 
apatites is the carbonate fluorapatite (CFA) or francolite. According to Young (1975); 
Slansky (1996), fiuorapatite forms a hexagonal crystal. 
The essential mineralogical constituents of the "phosphate" bearing rocks or 
phosphorites are difficult to study, because of the predominance of cryptocrystalline 
and amorphous states of minerals associated with fine grained impurities and 
numerous isomorphous replacements (Carotii, 1960). 6ulbrandsen et al. (1966) 
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favoured the more specific compositional term "carbonate-fluorapatite" or apatite, 
rather than eollophane. 
When a sedimentary rock contains 50% phosphate minerals, its P,O, content 
depends on the nature of the phosphate minerals present. If fluorapatite predominates. 
the P,O; content mac exceed 2 %: but in the presence of a carbonate fluorapatite this 
content may be less than 17% provided the substitution of PO4 by CO3 is significant. 
In a rock with predominant crandallite or augelite, the P205 content is of the order of 
20%, while it is greater than 22% in variseite, but if the predominant mineral is 
vivianite or goyazite, the 2205 content may be below 16% (Slansky. 1986). 
In mined phosphate ores, rounded, half-rounded or more or less ovoid grains 
are most common and are often called "ooliths". Their general lack of concentric 
structures, however, has generally led to these grains being called "pseudo-ooliths", 
and now, in general, "pellets" ( Slansky. 19S6). 
An attempt has been made to closely examine the petro-mineralogical 
characteristics, SEM and XRD studies of the phosphorites and associated rocks of the 
study area. A detailed study of thin section from fresh samples collected from mine 
workings as well as outcrops of phosphorite deposits was carried out. X-ray powder 
pattern of the samples was done to identify major minerals and SEM 
photomicrographs were obtained with different resolutions to see the shape, size and 
nature of grains of phosphorite minerals. It has been observed that the phosphate 
minerals generally occur with gangue minerals like quartz, calcite, dolomite, sericite, 
feldspar, hematite, mica. chert and some opaques. They have been systematically 
described in the ensuing paragraphs. 
4.2 PHOSPHATE MINERALS 
The microscopic, XRD and SEM studies of phosphorites reveal presence of 
more than one apatite like mineral. Because of wide compositional variation, it is 
convenient to use a common generic term 'cellophane' for these phosphate minerals. 
This is also in consonance too with the available literature on phosphorites of the 
world. A detailed description of these is given below: 
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4.2.1 COLLOPHANE 
The term `cellophane', applied to many of the mineral complexes, is probably 
a convenient name for several phosphate related minerals. Most of the common 
varieties of phosphates of calcium. particularly apatite, such as. francolite and dahllite 
are often associated with 'collophane" (McC eaell. 1950: Peuijo hn. 1984). Under high 
magnification, the cellophane groundmass appears as fibrous mass of fine apatite 
needles which at places are randomly oriented or show radiating arrangement, giving 
the rock a `microspherulitic texture' (Fig. 4.1). The same has been reported by (Deer 
or al.. 1962; Cook, 1972). 
The classification and nomenclature of apatite is based on the presence of 
chloride, fluoride, carbonate, hydroxyl, oxygen, etc groups. An apatite having 
chloride in its structure is known as `chloro-apatite' (Ca10C112(PO4)6); fluoride as 
`fluor-apatite' (Ca10F2(PO4)6); carbonate as 'carbonate-apatite' Ca5(PO4,CO3)3(OH, 
F); hydroxyl as `hydroxyl-apatite' (Caio(OH)2(POa)e) and oxygen as 'oxy-apatite' 
(Ca10(PO4)6O (Parker. 1971). The SEM images (Fig. 4.2 and 4.3) of phosphorites 
show unaltered and pure microcrystalline apatite. The hexagonal crystal size of this 
apatite is about a few microns. Similarly in phosphorite deposits of Gafsa Basin, 
Tunisia, the XRD patterns show narrow peaks indicating large crystallites and well 
crystallized materials (Ounis of al.. 2008). 
Collophane [3Ca3(PO4)2.Ca (CO3,F20)(H20)], a crvptocrystalline mineral 
(Kerr, 1959) is the dominant phosphate mineral of Lalitpur phosphorite deposits. The 
colour of cellophane ranges from greyish yellow to greenish black. It is isotropic to 
weakly anisotropic between crossed nicols in thin section. The form of the cellophane 
is mostly oolitic. Since they generally lack concentric structures these are often called 
as 'pseudo-ooliths or more commonly 'pellets' (Fig. 4.4 and 4.5), which is also 
suggested by Slansky, (1986). A Few thin sections reveal phosphate being replaced by 
silica mineral (Fig. 4.6). 
X-ray diffraction study indicates that carboriate-fluorapatite (CFA) is the 
major apatite phase in the phosphorites of the Lalitpur district (Fig. 4.7). Apatite is the 
dominant phase responsible for the PO ; content in these rocks which has been further 
confirmed by detailed petro-mineralogy (Fig. 4.1), SFM (Fig. 4.2 and 4.3) and XRD 
studies (Fig. 4.7). Similar findings were made by Nagaraju ct al. (2011). 
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Fig. 4.1. 	Thin section photomicrographs showing collophane groundmass of fibrous apatite 
needles with radiating arrangement as 'microspherulitic texture' (a,c,e) in plane 
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Fig. 4.2. Scanning electron microscope (SEM) photomicrographs showing crystallne 






Fig. 4.3. Scanning electron microscope (SEE) photomicrographs showing crystalline 
hexagonal apatite of phosphorites of the Lalitpur district. 
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Fig. 4.4. 	Thin section photomicrographs showing pseudo-ooliths and pellets of 
collophane (a) in plane polarized light and (b) between crossed nicols of 
phosphorites of the Lalitpur district (10 X). 
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Fig. 4.5. Thin section photomicrographs showing pseudo-ooliths and pellets of 
collophane (a) in plane polarized light and (b) between crossed nicols of 
phosphorites of the Lalitpur district (20 X). 
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Fig. 4.6. Thin section photomicrographs showing replacement of phosphate material by silica 
(a) in plane polarized light and (b) between crossed nicols of phosphorites of the 
Lalitpur district (20 X). 
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As observed phosphorites comprise predominantly of carbonate fluorapatite 
(CFA), which is the major constituent, while quartz is the major gangue. Other 
minerals like hematite. feldspars and mica are present in minor quantity (Fig. 4.7 and 
4.8). Sri, astura 11989) too reported that Sonrai phosphorites of Bijawar group contain 
fluorapatite with quartz as essential minerals and micaceous minerals, hematite and 
others as accessory ones. 
Scanning electron microscopic (SEM) studies of fresh broken phosphorites 
show hexagonal apatite crystals (Fig. 4.2 and 4.3). The occurrence of crystalline 
apatites (Fig. 4.9a) may support the arguments of Van Cappellan and Berner (1991) 
and Rao et al.. (2008) that phosphates precipitated initially as amorphous or poorly-
crystalline meta-stable phase, which transformed into crystalline apatite, depending 
on the degree of supersaturation of fluorapatite content. Scanning electron 
photomicrographs of some of the Lalitpur phosphorites show euhedral crystals of 
apatite supporting in general the reerystallization of CFA (Fig. 4.9b and 4.10a,b). 
These findings are in accordance too with those from Turkey (Imamoglu et al.. 2009). 
SEM photomicrographs showing microbial phosphate laminae resemble 
bundles of submicron-size micro-filaments wrapping nuclei of nodules as parallelly 
aligned phosphate micro-laminae (Fig. 4.10). the laminations laterally blur into 
structureless mass of phosphate. Elsewhere several submicron size tubules form 
laminae and detrital particles interspersed between the laminae. It can therefore, be 
safely presumed that microbial activity may have been involved in their formation as 











Fig, 4.1. 	X-ray diffraction (XRD) patterns indicating carbonateflaonpatite (CFA), 
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Fig. 4.8. X-ray diffraction (XRD) patterns indicating quartz (Q), hematite (h), calcite 
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Fig. 4.9. Scanning electron microscope (SEM) photomicrographs showing (a) crystalline apatite 
and (b) euhedral apatite crystals which exhibit carbonate-fluorapatite (CFA) 
recrystallization in phosphorites of the Lalitpur district. 
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Fig. 4.10. Scanning electron microscope (SEM) photomicrographs of freshly broken surface of 
phosphorites showing the microbial phosphate laminae resemble bundles of micro 
filaments. 
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4.3 MINOR AND ACCESSARY MINERALS 
Other associated minerals in phosphorites and host rocks of L.alitpur include, 
calcite. dolomite, quartz. mica, hematite and feldspars. 
4.3.1 CALCITE AND DOLOMITE 
Calcite (CaCO3) is the main carbonate gangue mineral. It is usually colorless 
to light grey and occurs as coarse-grained rhombohedral crystals which are usually 
subhedral, occasionally anhedral and rarely euhedral. They are equidimentional with 
polysynthetic twinning found along the long as well as short diagonal of rhombs. The 
crystals are tightly packed with slight sutured margins, apparently an affect of 
solution pressure. It is recognized by very high birefringence, perfect rhombohedral 
cleavage and marked change in relief (twinkling). The interference color is pearly to 
white of higher orders. The extinction angle is symmetrical to the cleavage traces. The 
calcite grains in some are in a floating stage in iron ore groundmass (Fig. 4.11). They 
also show the effect of chemical corrosion. Calcite veins are also seen in the thin 
sections (Fig. 4.12). A few thin section photomicrographs show subrounded detrital 
quartz grains in a fine-grained, laminated dolomitic mosaic. Rounded quartz grains in 
dolomite are also seen (Fig. 4.13). Occasionally, silica and iron oxides constitute the 
cementing material. The XRD analysis too shows the presence of calcite. Dolomite 
[CaMg(CO3)2] is seen as gangue mineral and has almost the same optical 
characteristics as that of calcite. Calcite and dolomite can be discriminated though 
XRD analysis (Fig. 4.8). 
4.3.2 QUARTZ 
Quartz is distributed in the entire mass as dominant gangue mineral of 
phosphorites. It also occurs in the associated rocks. The grains are angular to sub-
rounded having no cleavage, low birefringence and first order grey, white or yellow 
interference colors. The trains of mica are seen to be embedded in the fine 
groundmass of quartz (Fig. 4.14). 
Occasionally, the cementing material of quartzites is made up of red ion 
oxides. The quartzite shows mosaic texture with interlocking quartz grains (Fig. 4.15). 




Fig. 4.11. 	Thin section photomicrographs of dolomitic limestone showing calcite floating in 
iron rich ground mass (a) in plane polarized light and (b) between crossed nicols. It 
also shows the effect of chemical corrosion (10 X). 
Fig. 4.12. Thin section photomicrographs of dolomitic limestone showing calcite vein and 
ground mass of iron (a) in plane polarized light and (b) between crossed nicols (10 X). 
Fig. 4.13. 	Thin section photomicrographs of dolomitic limestone showing subrounded detrital 
quartz grains in fine grained, laminated dolomitic mosaic. Rounded quartz grains 
float in dolomite (a) in plane polarized light and (b) between crossed nicols (10 X). 
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Thin section micrographs of shale show tiny flakes of clay minerals which are 
oriented parallel to the lamination. Angular grains composed of quartz show good 
sorting (Fig. 4.16). 
4.3.3 MICA 
The thin sections of phosphorites and associated rocks, mica appear as fakes_ 
They are nearly colorless in plane polarized light, but are pale, yellowish green and 
pinkish between crossed nicols. The flakes of mica display medium birefringence 
with perfect cleavage and parallel extinction (Fig. 4.17 and 4.18). Often thin laminae 
of clay minerals can also be seen bent around some coarse quartz grains. 
4.3.4 IRON MINERALS 
In thin section ferruginous sandstones show dark opaque and fine-grained 
granular mass of iron hearing minerals. Hematite is a dominant constituent having 
grains of variable size. They are mostly anhedral to suhrounded in shape and 
brownish in color. A few thin sections show ferruginous chert being replaced by iron 
oxide (Fig. 4.14). Some photomicrographs of phosphorites show iron oxides forming 
veins cutting across the ground mass of apatite (Fig. 4.19).The X-ray diffraction 
studies also support hematite as a common accessory mineral (Fig. 4.8). 
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Fig. 4.15. Thin section photomicrographs of quartzite showing mosaic texture and 
isotropic fabric between crossed nicols (2 X). 
Fig. 4.16. Thin section photomicrographs of shale showing tiny flakes of clay minerals oriented 
parallel to the lamination. Angular grains composed of quartz show good sorting (a) 
in plane polarized light and (b) between crossed nicols In the phosphorites of the 
Lalitpur district (10 X). 
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Fig. 4.17. Thin section photomicrographs showing quartz (Q) and mica flakes (M) (a) in plane 
polarized light and (b) between crossed nicols in the phosphorites of the Lalitpur 
district (10 X). 
Fig. 4.18. Thin section photomicrographs of ferruginous sandstone with iron cement showing 
corrosion and disrupted framework. Quartz (Q) grains show bimodal distribution 
and mica flakes (M) (a) in plane polarized light and (b) between crossed nicols in the 
phosphorites of the Lalitpur district (2 X). 
Fig. 4.19. Thin section photomicrographs showing iron oxides forming a vein cutting across the 
ground mass of apatite of phosphorites of the Lalitpur district (a) in plane polarized 
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CHAPTER-V  
GEOCHHEMIISTRY OF THE MA.TOR ELEMENTS 
Si (;NERAL STATE LENT 
According to Subramanian (1980). the geochemistry of sedimentary phosphate 
centers around the geochemical behavior of apatite in marine environment. 
Geochemistry controls various mechanisms that could account for the composition 
and variability of phosphate minerals. These mechanisms are selective precipitation, 
dissolution, exchange reaction with animal shells, sorption by organic and inorganic 
compounds in the marine environment and isomorphous substitution of a number of 
cations and anions. 
The geochemistry of phosphorites and their constituent mineral apatite have 
been widely studied owing to their economic importance (Jarvis et al., (994; Baioumy 
et al., 2007) and the potential utility of their geochemistry to estimate paleo-marine 
chemistry (Donnelly et al.. 1990). The chemical composition of carbonate fluorapatite 
is highly variable because its crystal stricture allows a variety of substitutions 
(McClellan and Lehr, 1969). Variability in chemical composition of apatite may 
reflect difference in original composition and modification during diagenesis and 
weathering (Jarvis et al., 1994; Baioumy et al., 2007). 
The variation in major and trace elements abundance is attributed to a change 
in environmental condition of deposition. The concentration and the kind of element 
adsorbed or entering into a crystal structure depend on a number of factors such as 
pH. Eh. nature and structure of the adsorbant, availability and concentration of ions, 
rate of nodular growth. nature and rate of sedimentation and various other parameters 
(Glasby. 1977; Roy. 1981). 
According to Saigal and Banerjee (1987), the factors which might be held 
responsible for the marked qualitative and quantitative differences in the major and 
trace elements in different types of Proterozoic phosphorite under study are: (i) the 
basic chemistry of basinal water. (ii) the role of biological activity influencing the 
distribution, fixation and sequence of precipitation. (iii) capability of individual 
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element to enter into apatite lattice, (iv) Behavior of elements during post-depositional 
alterations, (v) changes due to secondary processes like weathering and leaching. 
Concentrations of P,05, F and Na,O, which reflect the degree of 
phosphatization. occur within the carbonate lluorapatite; P2O,  directly, F and Na,O 
through substitution in the phosphate lattice. Na2O concentrations in particular may. 
however, are modified by subsequent weathering processes (McArthur, 1978). 
Concentrations of CaO, CO2 and MgO. vary with concentrations of P2Os, indicating 
that they reflect the composition of the pre-phosphatization sediment. However, the 
variations in their distribution pattern also reflect their ability to substitute varying 
degrees in the carbonate fluorapatite lattice (Cook, 1972: McArthur, 197R, Pedley and 
Bennett, 1985). 
Thirty eight (38) fresh representative samples of the phosphorites and 
associated rocks were analyzed for the quantitative determination of their major 
oxides, viz., Si02, A1203, Fe203, TiO2, MgO, CaO, P205 and K20 in weight percent. 
The analytical data obtained are presented in Tables 5.1 and 5.2. For each lithological 
unit, minimum, maximum and average content (Table 5.3) were determined. The 
Pearson correlation matrix for element concentration in phosphorites and associated 
rocks of the study area are given in the Table 5.4. Both negative and positive 
significant correlations are highlighted. 
The relative abundance and concentration trends of certain major oxides in the 
Lalitpur phosphorites and associated rocks were plotted (Fig. 5.1 and 5.2) 
respectively. The stastical treatment of the geochemical data of phosphorites of the 
Lalitpur district has been carried out in order to determine the range of variation and 
frequency per cent distribution of major oxides, the mode. unimodal positively 
skewed unimodal negative skewed and bimodal nature of distribution has been 
identified and described (Fig. 5.3 and 5.4)_ 
5.2 MAJOR ELEMENTS 
The abundance and distribution of the major elements and their frequency per 
cent distribution in Lalitpur phosphorite deposits and associated rocks is given as: 
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5.2.1 LIME AND MAGNESIA (CaO and MgO) 
Calcium and magnesium fall in the lithophile group and have high frequency 
like Na and K (Mason, 1966). It has been reported from almost all phosphorite 
deposits of the world that calcium is a well known and most significant element found 
in the crystal lattices of apatite and its chemical composition. Calcium is one of the 
common element in geological environment that forms such structures as calcium 
phosphate in its many varieties which is the most abundant inorganic compound of 
phosphorus. The inorganic geochemistry of phosphorus is largely a study of calcium-
phosphate, just as inorganic geochemistry of carbon is largely a study of calcium 
carbonate, which is precipitated either a purely inorganic process or by the action of 
various micro organism (Krauskopf, 1967). 
Generally, higher the P205 content, the higher is lime content in phosphorites. 
It is precipitated by the inorganic sedimentary process due to absence of organism in 
the shallow marine conditions. The formation of calcium phosphate is due to the 
variation of pH of basinal waters, addition of non-phosphatic materials like quartz, 
ferruginous and clayey minerals and to some extent cementing materials as well. 
It is well known that magnesium has a close chemical affinity with calcium in 
the geological environment. The apatite being a calcium-phosphate mineral with 
additional anions like F, C032-, OH", Cl- and sometimes O-2 indicates the association 
of magnesium with this mineral. Mg is considered as a structural element held in 
francolite lattice. Consequently, variation in its content can he attributed to the 
difference in conditions of formation of francolite in the phosphorites (Baioumy et al., 
2007). According to Baturin and Bezrukov (1979), authigenic phosphatic nodules of 
Peru and Chile margins were formed under upwelling conditions similar to those of 
the formational conditions of the Duwi phosphatic mud clasts proposed by Baioumy; 
Tada (2005). The lower MgO content (0.18%) in the francolite of the phosphorites of 
the Duwi Formation compared to the Chile and Peru margins authigenic phosphorites 
proposed by Baturin and Rezrukov (1979) as 1.5% and 2.3% respectively, can be 
attributed to the formation of the phosphatic grains in low MgO sea water (Baioumy 
et al.. 2007). The phosphorites and associated rocks of the study area also 
corroborates to the findings of previous investigators showing low MgO 
concentrations (0.27% and 0.31%). Low MgO values in phosphorites and in 
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associated rocks indicate that there was no significant dolomitization of primary 
calcite during diagenesis and that minimal ground water percolation has taken place 
since deposition. The same results were observed from Ogun phosphate rocks 
(Adesanuo et al., 2009) and phosphorites of Sonrai basin (Khan etal..2012a). 
The variation trends of Ca0 and MgO in Lalitpur phosphorites are from 35.80 
to 44.92 wt% and 0.27 to 0.31 wt% respectively (Fable 5.3). CaO in dolomitic 
limestone, shale, ferruginous sandstone and quartzites ranges from 40.46 to 4-4.51 
wt%, 0.10 to 0.18 wt%, 2.06 to 7.22 wt% and 0.09 to 2.06 wt% respectively. MgO in 
dolomitic limestone, shale. ferruginous sandstone and quartzites ranges from 1.32 to 
2.07 wt%, 0.31 to 1.40 wt%, 0.26 to 0.57 wt%o and 0.01 to 0.08 wt% respectively 
(Table 5.3). The relative abundance and concentration trends of CaO and MgO in 
phosphorites and associated rock samples of Lalitpur district is represented in (Fig. 
5.Ie,b) and (Fig. 5.2a,b) respectively. 
The occurrence of magnesium may be due to ionic substitution of Mgr` by 
Ca'2 in the apatite during marine conditions of the basin. The manor content of NIg 
may be due to adsorption by fine grained quartz and clay minerals and in the huge 
masses of iron. The low to moderate content of MgO in the phosphorite samples 
indicate the goethite scavenger activity and non calcareous sources of the deposit. 
The frequency percent distribution of CaO and MgO in Lalitpur phosphorites 
shows unimodal positive symmetrically skewed nature. The maxima are at 36% to 
38% class of CaO and 0.2% to 0.3% class of Mg(. The crude mode of CaO and MgO 
in the case of Lalitpur phosphorites varies from 37% to 39% and 0.25% to 0.35% 
respectively (Fig. 5.3a and h). 
5.2.2 PHOSPHORUS PRNTOXIDE (P205) 
In the Lalitpur phosphorites P2Os content ranges from 28.78 to 31.84 wt°/a 
(Table 5.3). the P,,Os content of Matoon phosphorite deposits, district Udaipur 
(Rajasthan) is as high as 36% (Danegee, 1982). Along the continental margins, 
phosphorites contain 33% of Pz0;. In several regions of the world, massive sediments 
are reported to contain more than 1000 ppm phosphorus (Subtainanian, 1984). Riggs 
(1980) reported that sediments of S.E. Coast of U.S.A contain as high as 40% P205 
(about 17000 ppm) but these are as stated by him, likely to he detrital continental 
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apatitic grains derived from the earlier phosphate deposits (Subramanian. 1984). The 
P205 content may he due to the presence of cryptocrostalline collophane as is 
commonly present in most Precambrian mudstoncs (Shattacharjee et al.. 2008). 
The quantitati'e variation trends of P20< in Lalitpur phosphorites are from 
28.78 to 31.R4 trz% (Fie. 3.1). The P.O; content in dolomitic limestone. shale, 
ferruginous sandstone and quartzite ranges from 20.72 to 23.77 wt%, 0.01 to 0.1 wt%, 
0.01 to 0.06 wt% and ND to 1.69 wt% respectively (Fig. 5.2). The frequency per cent 
distribution of P205  in Lalitpur phosphorites shows unimodal symmetrical nature of 
distribution. The maxima are at 29% to 30%. The crude mode of P205 in Lalitpur 
phosphorites varies from 29.5% to 30.5% (Fig. 53c). 
5.2.3 SILICA (SiO2) 
Silica is largely present in the form of chert that was precipitated as a coherent 
gel. The average content of SiO2 in sea water is 3 ppm. The quantitative variation 
trends of Si02 in Lalitpur phosphorites are from 5.20 wl% to 21.44 wt% (Fig. 5.1a). 
The concentration of SiO, in dolomitic limestone, shale, ferruginous sandstone and 
quartz ranges from 9.64 % to 17.45 wt%, 48.48 wt% to 78.22 wt%. 63.98 wt% to 
64.98 wt% and 94.49 to 98.7 wt% respectively (Fig. 5.2a). These values have also 
been presented in Table 5.3. The silica content in Lalitpur phosphorites are in line 
with those of the Peru margin (8.79 wt%) (Burnett, 1977) and Namibian margin 
phosphorites (19.4 wt%) (Bremer and Rogers, (990), but higher than that of 
Quaternary phosphorites (SiO2=5.3 wt%) off south east coast of India (Rao et al., 
2002). 
Si02 being a lithophile element has an affinity for the silicate phase. The 
solubility of silica depends on the pH of the solution. The higher the pH, the more 
silica goes into solution and decreasing of p1l for instance by the addition of carbon 
dioxide, silica is precipitated This process may sometimes lead to a notable 
concentration of silica (Mason, 1966). Silica gradually decreases with increasing 
phosphate content, while corresponding calcium increases sympathetically (Banerjee, 
1982). A comparison of the chemical composition of the average central California 
phosphorites with that of the global average phosphorites reveals that the former are 
highly enriched in Si02 (Kolodony, 1981). The highest P,Os content (21.47%) in S. 
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Africa is found in a few samples, which significantly contains the lowest Si02 and 
K20 (i.e. quartz and glauconite) values (Parker, 1975; Birch, 1980). 
The bar Graphs (Fig. 5.3d) that represents frequency per cent distribution, 
show bimodal nature of SiO, in the Lalitpur phosphorite deposits. The maxima are 15 
to 20 % and crude mode is between 7.5 and 7.5%. 
Some veins and the cementing materials of these phosphorites are made up of 
silica. The low concentrations of silica in few samples may be due to continuous 
leaching of ores by groundwater. The higher content of silica in the quartzite samples 
is self-explanatory. The presence of carbonate in the fluor-carbonate apatite phase 
may be responsible for the precipitation of silica in very fine grained quartz and other 
siliceous cements. The association of silica in these phosphorites may be due to the 
presence of detrital material or as chemical precipitates which is termed as secondary 
silica. Thus the association of detrital quartz indicates the near shore environmental 
conditions and secondary silica cements supported the diagenetic origin. 
5.2.4 FERRIC OXIDE (Fe,03) 
The Fe203 content in the phosphorite samples of Lalitpur area varies from 
(0.55 to 2.S9 wt%), whereas in associated rocks as dolomitic limestone, shale, 
ferruginous sandstone and quartzite, it ranges from 1.00 to 9.05 wt%, 0.95 to 8.28 
wt%, 25.66 to 27.36 wt% and 0.29 to 0.41 wt% respectively (Table 5.3). The relative 
abundance and concentration trends of Fe203 in phosphorites and associated rock 
samples of Lalitpur district is represented in Fig. 5,1 and 5.2. It is reflected by the 
degree of red-brown colour as evident from the microscopic and XRD studies which 
indicates the oxidation of iron hearing minerals by weathering process. The 
mobilizations of ferrous ions and subsequent precipitation as ferric oxides and 
oxyhydroxides have clearly redistributed iron in these phosphorites. The same 
interpretation has been given by Adesanwo et al. (2009) for Ogue phosphate rocks 
which contain Fe2O; content 4.74 to 25.75%. High iron content in phosphorites and 
associated rocks may be due to the presence of the hematite and ferruginous coatings 
on sediment constituents (Fig. 4.6, 4.8 and 414). The study of frequency per cent 
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Fig. 5.2. Graphs showing relative abundance of certain major oxides in associated rocks of the 
Lalitpur district. 
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phosphorites. The maxima are at 0% to 1% classes of Fe203 in phosphorites. The 
crude mode of Fe203 in these phosphorites varies from 0.5% to 1.5 % (Fig. 5.3e). 
Among all the Proterozoic deposits of India, the Bijawar (.M.P) and Cumburn 
(A.P) deposits contain the highest quantities of Fe203. The Jhabua (MP) and Matoon, 
Jharnarkotra (Rajasthan) and Pithoigarh (UP) phosphorite contain comparatively low 
percentage of Fe203. Although the phosphorites of Bijawar and Cumbum are 
markedly ferruginous, the primary association of iron with phosphorites could not be 
established with certainty, because no iron-phosphate mineral is associated with these 
rocks. Widespread ferruginous coatings of all the rocks in the Lalitpur area is due to 
regional ferruginization process, which seems to have accompanied the regional 
silicification as the last stages of the geological activity in this region. It is also 
possible that some of the iron was introduced in the sediments through epigenetic 
processes (Banerjec et al., 1982). 
The phosphatization took place during the iron-formations in the 
Bijawar basin of the study area. The presence of iron content in all types of 
phosphorite samples supported the occurrences of iron bearing minerals like hematite, 
magnetite; limonite, goethite, ferruginous cements, etc. Generally, iron is precipitated 
as ferric hydroxide along with the formation of argillaceous sediments. The higher 
concentration of Fe203 in some samples may he due to the secondary iron oxide 
coatings. The oxidation of FeO into Fe203 and higher content of Fe203 in the 
phosphorites indicates fairly oxidizing conditions of the basinal-sea waters. The 
geochemical process took place during moist, tropical-humid and and climatic 
conditions at the time of phosphatization of these sediments. The reddish brown 
colour of these phosphorites may be due to high Fe203 content. Most of the iron 
bearing minerals were originated as gel like constituents which again indicate the 
marine near shore/continental margin lagoonal, warm and highly oxidizing 
environment. The iron-phosphate generally formed at the time of reduction of hydrous 
ferric-oxides content and the Bijawar basinal waters could not have that level of pH 
and an the other the water was highly oxidized, which could not exist the formation of 
any iron-phosphate minerals in any type of phosphorites ($tumor and Leckie, 1970). 
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5.25 ALUMINA (AI203) 
During weathering, aluminium is liberated from the pre-existing minerals and 
transported as hydrolysales. but little is found as precipitates (Mason. 19661. 
Oxidates, evaporates and sea water carbonate rocks constitute about 2.5° 6 A1,03. It 
mostly occurs in low temperature to humid areas (Birch. 1980). Aluminum remains in 
solution in both acid and alkaline conditions and the precipitation of At (OH)3 on the 
other hand is favoured by the neutral solution. Mason (1958) on the other hand opined 
that the accumulation of the products of chemical break down of alumino-silicates 
gives rise to a mud consisting essentially of the clay minerals that are rich in alumina 
and also potassium by absorption. The abundance of clay size materials in the non-
pelletal phosphorites particularly in the collophane nmdstone, results in AI203 content 
and much steeper regression line (Cook, 1972). 
Alumina being immobile gets concentrated in weathering zone, and replaces 
Ca to form crandallite, wavellite, etc.. (Altschuler. 1973, Khan and Mukherjee, 1993). 
However, in these phosphorites, since no aluminous phosphate was found, high A1203 
values in few samples may be due to kaolinite and illite. 
The quantitative variation trend shown by A1203 in the Lalitpur phosphorites 
is from 0.12 to 3.06 wt% (Fig. 5.1 b). Whereas in associated rocks like dolomitic 
limestone, shales, ferruginous sandstone and quartzites it is 0.81 to 1.68 wt%; 10.66 to 
35.56 %; 0.85 to 1.59 wt%o ND to 0.01 w4 % respectively (Fig. 5.2b). These values 
have also been presented in (Table 5.3). The frequency per cent distribution shows 
unimodal nature of A1203 and maxima are at 0.0% to 1% classes in Lalitpur 
phosphorites. The crude mode of A1203 is between 0.5% to 1.5% (Fig. 5.3f). 
The low concentration of alumina may be due to minor occurrences of clay 
minerals and major content of ferruginous minerals like hematite. ferric-oxides, etc 
that constitute the cementing material of the phosphatic rocks. The presence of low 
Al2O: in phosphorites indicate the humid to low temperature climatic conditions at the 
time of precipitation and phosphatization of these sediments in the area. The high 
concentration of alumina in the associated shales may be due to the presence of 
detrital grains and clayey minerals as most of the argillaceous rocks are having higher 
content of A1203. 
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5.2.6 TITANIUM OXIDE (T102) 
Titanium is a 1¢hophile element. Ies mobile and having strong resistance to 
chemical weathering as compared to the others (Mason. 1966). Ti in ilmenite and 
rutile are therefore rich in highly detrital shales and largely in chemogenic phosphates 
(Altschuler, 1980). the elements like AL K. II and Zr are of clay group and may be 
due to substitution and adsorbed on the clay surfaces (Howard and Hough, 1979; 
Rasmy and Easily, 1983). The constituents such as SiO2, A1203, 1'i02, Na2O and K2O 
are associated with silicates and other detrital minerals. 
The abundance of TiO, is very poor as compared to other major oxides in all 
types of phosphorites of the Lalitpur area. The quantitative variation trends of T102 in 
these phosphorites is from 0.8% to 0.17 wt"/o (Fig. 5.le), where as in associated rocks 
as dolomitic limestone; shales; ferruginous sandstone and quartzites it ranges from 0.1 
to 0.14 wt%; 0.56 to 1.78 wt%; 0.06 to 0.17 wt%; 0.01 to 0.02 wt% respectively (Fig. 
5.2c). The above values are also presented in Table 5.3. The frequency per cent 
distribution shows unimodal positive nature of Ti02, whereas the maxima are at 0.0 to 
0.1 % and the crude mode varies from 0.05 % in phosphorites (Fig. S.4a). 
The presence of TiO2 in the phosphorite samples confirmed the lithophilic and 
clastophilic nature and association with terrigenous sediments. The low content of 
TiO2 in the phosphorites of the study area indicates its lesser mobility and adsorption 
on the surface of clay, iron and phosphate hearing minerals. It may also be due to 
leaching of ores and a minor content might have been adsorbed in the crystal lattices 
of apatite. It may be possible that at the time of remobilization and re-precipitation of 
phosphate in the shallow marine environment of sedimentary basin, TiO2 might have 
tollowed the same trend along with PZO; and is normally introduced as a detrital 
heavy mineral. The low concentration of TiO2 has also been reported from the Ogun 
phosphate rocks, Nigeria (Adesanwo et al., 2009), which coincides to the TiO2 
concentration of Lalitpur phosphorites indicating the presence of detrital heavy 
minerals like hematite entrained in the sedimentary environment. This corroborates to 
a great extent with the findings of Adesanwo et al. (2009). 
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S2.7 MANGANESE OXIDE (MnO) 
Manganese oxide has hieh eeochemical mobility and thus differs from 
titanium and aluminum (\Jason. 1966)- The concentration of MnO in phosphorites 
has been reported by mam earlier r~orkers 0.01-0. 	t% (Pedley and Bennett. 1985); 
0.38-0.4 rv1% (I3aioumy. 2002); 0.014-0.021 wt% (Baturin and Derkachev. 2008). In 
carbonate rocks the MnO concentration ranges from 0.05-0.09 (Pitawala et al., 2003); 
0.85-1.29 wt% and in shale 0.01-0.66 wt% (Khan and Israili, 2005). 
The Lalitpur phosphorites show low (ND to 0.03 wt%) concentration of MnO 
(Table 5.3), whereas in associated rocks like in dolomitic limestone, shale, 
ferruginous sandstone and quartz breccia, MnO ranges from 0.08 to 0.22 wt°/a; ND to 
0.03 wt%; 0.1 to 0.68 wt% and NO to 0.01 wt%o respectively (Table 5.3). The low 
MnO values in phosphorites of the Lalitpur may be due to the leaching and secondary 
formation of the deposits as also investigated by Ranerjee et al. (1982); Saigal and 
Banerjee (1987) for the phosphorite deposits of Hirapur (MY). The relative 
abundance and concentration trends of MnO in phosphorites and associated rock 
samples of Lalitpur district is represented in (Fig. Sic). the frequency percent 
distribution of MnO in Lalitpur phosphorites show unimodal positively skewed nature 
and the maxima are at 0.01% to 0.02% class. The crude mode varies from 0.015 to 
0.025% (Fig. 5.4b). 
Manganese, like iron is enriched in hydrolyzate residue formed by lateritic 
weathering and is concentrated mostly in the oxidate sediments. It is generally absent 
in sediments formed as a result of solution of reprecipitation. MnO usually requires 
highly oxidizing conditions to precipitate (Krauskopf, 1959). Mn as marine deposition 
chiefly in the form of the dioxide has been formed under shallow-water conditions 
and in deep sea sediments, where it is widely distributed as nodules. 	 - 
In the Lalitpur phosphorite deposits the manganese content is poor like that of 
titanium (TiO2), magnesia (MgO) and potash (K2O). Much variation of MnO content 
in these sediments supported the higher mobile nahue of manganese. The MnO 
content in these rocks indicate shallow marine environmental conditions of the 
sedimentary basin The MnO may be partly emplaced in the apatite structure and 
as/adsorbed on the surfaces of clay, phosphate and iron bearing minerals. The low and 
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normal abundance of MnO in these sediments also indicate the oxidizing nature of the 
basin at the time of formation of Lalitpur phosphorites. 
5.2.8 SODA AND POTASH (Na.,O and KO) 
Sodium and potassium are strong!) lithophile elements. Wedepohl (1970) 
discussed their chemical characters and mentioned that they differ from many other 
groups of elements especially in their mobility. 
The variation trend of K20 in Lalitpur phosphorites is from 0.01 to 1.91 wt% 
(Fig. 5.1) and in associated rocks it is from 0.03 to 0.23 wt%, 2.45 to 10.15 wt%, 0.27 
to 0.75 wt% and ND to 0.01 wt% in dolomitic limestone, shale, ferruginous sandstone 
and quartzite respectively (Fig. 5.2c). The concentration of Na2O in associated rocks 
ranges from 0.01 to 0.91 wt%, ND to O.Olwt%, and ND to 0.01wt% in shale, 
ferruginous sandstone and quartzite respectively (Fig. 5.2c). These values have also 
been presented in 'fable 5.3. the frequency percent distribution of K20 in Lalitpur 
phosphorites shows unimodal positively skewed nature and the maxima are at 0 % to 
0.5 %. The crude mode of K20 varies from 0.25% to 1.75% (Fig. 5.4c). 
Sodium content is fairly high in Hirapur phosphorites (M.P) compared to any 
known phosphorite types from India (Banerjee et al., 1982). Sodium and sulphate 
concentrations in the pelletal phosphorite indicate high palaeosalinity (Smir rov et al., 
1962). Low Na and K content in lhamarkotra, Matoon, Kartivaria deposits, in contrast 
to higher values of these elements in Neemach Mara deposits, indicate differences in 
the salinity conditions during the time of their formation which, in turn, gives scope to 
infer a more restricted lagoonal to supratidal conditions in the Neemach Mata area 
than the comparatively open lagoons and shoals in other phosphorites areas of 
Udaipur (Saigal and Banerjce, 1987). 
Heterogenous but higher than normal contents of alkalies observed in many 
Proterozoic phosphorites could be explained by involving one or more of the 
following postulates, (i) higher salinity conditions during the formation of these 
phosphorites indicating supratidal concentrations, (ii) high carbonate substitution for 
phosphate in apatite lattice, (iii) likely contamination by clay, mica and feldspar, (iv) 
occurrence of alkalies in some discrete phase independent of apatite and (v) 
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Fig. 5.4. Bar diagrams showing variation of major oxides and their frequency percent 
d istribution in phosphorites of the Lalitpur district. 
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The presence of high amounts of alkalies in the Proterozoic phosphorites of 
India seems to have been contributed by clay minerals which are common in the 
phosphorites (Saigal and Banerjee, 1987), The Na, Sr, CO(' and SO4 2 contents of 
carbonate-fluorapatite may be used as a rude "weathering index" for phosphates. 
Unweathered Moroccan carbonate tluorapatite contains about 1.6% Na20; 2.6% SO3; 
8.3% CO; and 0.23% Sr. Concentrations may be characteristic of the original 
compostion of apatite in other deposits (Gulbrandsen, 1970; McArthur, 1978b). The 
constituents such as Si02, A1203,  Ti02,  NU20 and K20 are associated with silicate and 
other detrital minerals (McConnell, 1973). 
The higher concentrations of lithophile elements (Al, Mg, K) in the rocks is 
due to the presence of terrigenous minerals (feldspars and clay minerals) in the 
sediments prior to lithitication (McConnell, 1973; Birch. 1980; Mullins and Rasch, 
1985). Very low K20 and Na2O levels in the phosphorites are considered highly 
desirable in material to be used as a source of P205, because minimal salt is added to 
the soil with the fertilizer (Adesanwo et al.. 2009; Khan et al., 2012a). Low Na2O and 
K10 also indicate a euxinic environment of deposition of phosphate in slightly 
alkaline acidic medium (Khan and Khaki, 2008). The low content of alkalies in these 
phosphorites may be due to poor association of detrital constituents and high Fe203 
concentration. The low concentration of Na2O in associated rocks may be due to 
weathering of ores by ground water circulation. The high concentration of K20 
(10.15%) in few samples may be due to the presence of micaceous, feldspars and clay 
bearing minerals and also indicates palaeo-salinity, supratidal, hypersaline, shallower 
and restricted circulation of water with in the basin. The high concentration of K20 
may finther support the presence of high alkaline source (granitic, etc) in the area near 
the phosphatization site; substitution in the apatite crystal lattice and adsorption by 
erypfocrvstaIliue quartz and clayey minerals. 
5.3 GEOCHEMICAL RELATIONSHIP BETWEEN MAJOR ELEMENTS 
In order to ascertain the physico-chemical nature of the depositional basin, it is 
desirable to find out the relationship between the various elements. In the present 
study, an attempt has been made to determine the correlation coefficient ('table 5.4) 
and to plot the concentration among the significant major oxides (Pig. 5.5 to 5.10) in 
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order to find out the relationship of P2O; with other major constituents and their inter 
element-relationship as well. 
5.3.1 RELATIONSHIP OF PRO. WITH VARIOUS OXIDES 
the author has tried to find out the behavior of various chemical components 
in relation to P205 as discussed below: 
(a) SiO2 vs P205 and CaO 
The substitution of small S a` for P5+ involves a corresponding substitution of 
balance charges. The coupled replacement of Si°` + S6 ~ —. 2P5' is well documented 
throughout in literature in different phosphorites of the world (Cruft, 1966; Khan at 
at., 2012a). A plausible substitution that could help to balance the decrease in charges 
due to carbonate and sulphate substitution is the substitution of silicate (SiO4)' for 
(PO4) 3. This would increase the negative charges (Altschuler, 1980; Banerjee et al., 
1980; Khan et al., 2012a). 
Examination of chemical data of phosphorites presented by Gulbrandsen 
(1966); Summerhayes (1970) shows that generally there is an inverse relationship 
between Si02 and P20, contents in the phosphorites of USSR. and Southern 
California. This relationship has primarily been explained in terms of diluents 
alto genie minerals such as quartz, calcite, feldspar and glauconite in the phosphorites 
from the S. Africa, continental margin (Parker, 1975). 
According to Awadalla, (2010), the negative or antipathetic relationship 
between P205 and Si02 is due to potential replacement of P043- by SiOq°- (coefficient 
value, r =0.77). SiO2 shows poor correlation with the P205 in Lalitpur phosphorites 
(Fig. 5.Sa), whereas strong negative relationship is obtained in the associated rocks 
(Fig. 5.6a). Such a relationship indicates: (i) a gradual removal of Si02 by P2Os, 
because ionic radii of Si4+ (0.39 A) and P'" (0.35A) is very similar, hence, a diadochic 
relationship exists between the two, (ii) the (PO4)"' has been mutually replaced by 
(SiO4)4 before the final precipitation of phosphorites in the basinal environment, (iii) 
this relationship may be due to the presence of detrital minerals like quartz. feldspars, 
micas and clay bearing minerals. The Negative (poor) relationship also suggests that 
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much of Si02 content is not related to apatite. The same correlation has been observed 
by Khan and Israili (2005): Khan et al. (2012a). 
Silica shows gradual decrease with the increase of PLO:, chile Ca'2 increase 
sinudtaneously tCook. 197: Khan et td.. '_OLu). The prescut study indicates that 
much of the SiO- content is not related to apatite. Between SiO, and CaO there is no 
significant correlation and it is observed that CaO remains almost constant with the 
variation of SiO2. The negative correlation between Si02 and CaO in phosphorites 
(Fig. 5,7a) and in associated rocks (Fig. 5.8a) may be due to substitution of Cat' by 
Silo  during high pH conditions of the Bijawar basin, which is also supported by Khan 
et al. (2012a), 
(b) P20c  vs CaO 
According to Ames (1959) carbonate fluorapatite is the end product of 
diagenetic replacement in which dissolved phosphate ions substitute for carbonate in 
calcareous materials. Krauskopf (1967) on the other hand believed that precipitation 
of CaCO3 was favoured where water is warm and CO2 was lost by evaporation or 
photosynthesis. 
Since Ca", P04 3 and C03 4 have single valence states, changes in Eh cannot 
produce separations into carbonate rich and phosphate rich layers, hence the 
individual enrichment will have to take place with a narrow pH range. Relative to 
C03 2. the Ca3 (PO4)2 is less soluble. Hence, in the pH range 7 to 7.5, Ca3 (PO4)' can 
precipitate first, while C03 2 remains in solution so long as the pH is buffered in that 
range. When the pH increases to 8, CaCO3 will precipitate (Garrels and Christ, 1965). 
A positive correlation between CaO and P2Os has been observed in the 
apatites of Sherrin-Creak phosphorites (Howard and Hough, 1979). Banerjee et al., 
(1982) also found a positive correlation between the two oxides on the basis of their 
distribution pattern in apatite structure in the phosphatic rocks of Hirapur-Bassia area, 
district Sagar, M.P. 
The plotting of CaO versus P2O5  shows moderate relationship in the 
phosphorites of the study area (Fig. 5Sh), indicating a gradual removal of one by 
other. The moderate correlation between PO : and Ca0 indicates that those elements 
may have been derived from more than one and/or different sources (Khan et al., 
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2012a). The Positive relationship is seen in associated rocks (Fig. 5.6b). Cook, (1972) 
also observed a sympathetic correlation between CaO and P,O; in the phosphorites of 
Australia and India. They found that the (P0y) ions have been almost completely 
used up by Ca - ions to precipitate talc-phosphate in low to high grade ores. Some of 
the calcium left after reacting kith phosphate ions might have precipitated as CaCO3  
and in such cases the value Of loss on ignition' (L01) went up. Further, residual 
calcium is supposed to have been incorporated in the formation of insignificant 
silicates. The poor correlation in few samples of phosphorites may be due to [Wild 
weathering. 
Kinsey and Davis (1979) suggested that calcification is inhibited where there 
is a high concentration of phosphorus. According to Khan et al. (2012e), there are 
many evidences for the co-precipitation of carbonate-phosphate in rhythmic alteration 
of tale-phosphate and silica saturation cycles and a differentiation is prominent 
between day and night formed phosphate calcium layers and nocturnal silica saturated 
layers. He also found that differentiation amongst calcium and phosphorus layers is 
certainly diagenetically controlled and show sympathetic relations between the two. 
Higher values of P205 (31.84 wt%) and CaO (44.92 wt%) in the phosphorites 
of the area (Table 5.3) indicate more concentration of apatite constituent. This 
corroborates to a greater extent to the Ogun phosphate rocks of Nigeria (Adesanwo et 
al., 2009). The CaO/P20c values from geochemical data of phosphorites are virtually 
inconsistent. The CaO/P205 ratios in phosphorites and associated rocks of the area are 
1.32 and 61.69 respectively (Table 5.5). The phosphorite values are close to those of 
pure carbonate fluorapatite (1.54) and phosphorites off the southeast coast of India 
(1.58 to 2.33) (Rao et al.; 2002) and lower than the values for the most reactive 
phosphate rock (3.5-5.0) (McClellan and Gremillion, 1980), but greater than 1.31 
which indicates that the phosphorites are composed of carbonate apatite and suggest 
substitution of PO4 } by CO3-2 in the apatite. The higher CaO/P205 ratio in nodular 
phosphorites also suggests that the apatite in the nodules was formed by the 
replacement of calcite (Rao et al.. 2000). The present study is in accordance with the 
findings of Dabous (1981: 2003), who found that the CaO!P20s  ratio for pure apatite 
would be 132 and could be as high as 1.55 in francolitc depending on the amount of 
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From the above discussion, it is evident that the sediments rich in calcium 
phosphate and poor in calcium carbonate, could he formed when the conditions for 
continuous removal of calcium by the phosphate and the activity product of carbonate 
were not exceeded which may occur in a restricted basin with low pH i.e. 7.0 to 7.5. It 
is, therefore, inferred that during the phosphatization the sea became enriched in 
phosphate content by lowering of pH due to release of CO2 in shallow marine 
environment which was subjected to continuous chemical changes with mixing of 
various types of material brought by rivers, etc. 
(c) MgO vs P205 and CaO 
The relationship of MgO with P2O, and Ca0 is illustrated in Fig. 5.5 to 5.8. 
MgO shows random and weak negative relationship with P205 in phosphorites (Fig. 
5.5c) and positive relationship in associated rocks (Fig. 5.6c) of the study area. An 
inverse relationship between MgO and P2O in phosphorites indicate a continuous 
replacement of MgO by P201 during diagenesis. Poor correlation between MgO and 
P2O5 in phosphorites of the area indicates that Mg might not have been incorporated 
in the apatite structure as investigated by Rao et al. (2002): Khan and Israili (2005); 
Khan et al. (2012e). CaO and MgO are important constituents of calcareous rocks. 
Phosphorites and associated rocks of the Lafitpur show positive correlation between 
CaO and MgO (rig. 5.7b and 5.8b). The presence of Mgt- rather inhibited the growth 
of apatite crystallites formed during regional metamorphism and reconstruction of 
phosphate minerals. 
Banerjee (1978) found that Mg is negatively correlated with P. as the high P 
peak is clearly followed by high Mg peak along the traverse in the phosphorites of 
Jhamarkotra. This reflects rhythmic alterations of 'Mg-poor-P-rich' layers with 
`magnesia rich p-poor' layers. This periodic rhythmicity of the elements in the 
Precambrian laminated phosphatic stromatolitess clearly indicates the affinity of 
dolomite with the carbonate-fluorapatite during the sedimentation and precipitation in 
the shallower water basins. 
The difference in geoclremical behavior of CaO and MgO may be due to (i) 
ionic substitution of Ca'2 in the apatite crystal lattice during highly oxidizing, alkaline 
environment of the basin, (ii) precipitation in the shallow marine basin, (iii) 
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substitution of Mg'z by Ca 2 in apatite may decrease the crysaiTte size of the apatite 
by the increase of Mg ions, (iv) the minor amounts of Mg in these phosphorites and 
associated rocks may be due to poor supply of Mg from source rocks. 
(d) Fe+Oe vs P205 and CuO 
Iron and phosphorus are closely interrelated in the sedimentary process. 
Phosphorus is often contained in iron ores as an adverse admixture, and iron deposits 
are commonly situated near phosphorite deposits both in plane and cross-section 
(Cook and McElhinny, 1979, Kholodov and Butuzova, 2001). 
In phosphate deposits of N.W.Queensland, an inverse relationship of Fe:O, 
with P205  is primarily a reflection of the tendency of phosphate to be associated with 
lateritic weathering profile. It is also apparent from the analysis that there is a 
considerable concentration of total iron in the non-pelletal phosphorites compared to 
the pelletal material. The FeO content and the FeO/Fe,O3 ratios suggest that the non-
petlletal phosphorites have been subjected to more oxidizing conditions than the 
pelletal phosphorites (Cook, 1972). 
In the study area, Fe203 shows an antipathetic relationship with P205 and CaO 
in phosphorites (Fig. 5.Sd and 5.7c) and associated rocks (Fig. 5.6d and 5.8c). The 
weak negative relationship in phosphorites may be due to non-deposition of Fe703 
content with P205 at the time of phosphatization, whereas the strong negative 
relationship in associated rocks may be due to leaching and/mild weathering of iron 
from the ores and reprecipitation along with PzO, in the pore spaces, cavities/voids, 
veins, etc in highly oxidizing marine environment of the Bijawar basin. This 
relationship between the constituents indirectly indicates the alkaline nature of basinal 
waters. The negative behaeior of Fe203 also indicates the adsorbed state of iron in 
these rocks formed udder oxidizing marine environment. The minor scale substitution 
may be possible in the apatite lattice of Ca' by Fe 3- due to close ionic charges. -[he 
antipathetic relationship of the above constituents also indicate that iron oxides are not 
related with apatite. The Fe203 content may be due to the occurrences of ferruginous 
minerals like hematite, etc. which is also supported by XRD analysis (Fig. 4.8). Their 
negative relationship may he due to the mutual ionic substitution of divalent cations 
of Ca''` by trivalent cations of Fe$*  in the depositional basin. 
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The negative relationship between P2O; and Fe203 (r2-0.055 and 0.028) in 
phosphorites and associated rocks respecti%ely also indicates that apart from adsorbed 
phosphate onto Fe-oxchvdroxides. as in the case of other modest and Quaternary 
phosphorites (Glenn_ 1990, O'Brien et al__ 1990; Rao et at,. '_0ifl h some other sources 
of phosphorus may ha%e been available at the site of deposition. The negative 
correlation between P2O5 and Fe2O3 has also been observed by Khan and Israili 
(2005) in Mussoorie phosphorites of India, which leads to conclude that there is no 
common source of these elements. The same finding has been reported by I)aioumy 
(2007); Khan et al. (2012a). 
(e) A/203 vs P205 and CaO 
A1203 shows negative correlation with P20s (Fig. 5.5e) and positive 
correlation with CaO (Fig. 5.7d) in phosphorites, whereas a negative relationship of 
the same elements is seen in associated rocks (Fig. 5.6e and 5.8d). Like iron, 
aluminum also decreases with the increase in P205 concentration. It may also he due 
to ionic substitution of Ca" by Al" in the carbonate fluorapatite phase due to 
weathering of the ores. The weakly positive correlation between P205 and A1203 is 
due to mutual ionic substitution in between Alps and p'  in the apatite lattice under 
high alkaline conditions of the basinal waters. The A1203 may be adsorbed in hydrous 
aluminosilicates, ferruginous and clay minerals which are higher in P205  content. The 
irregular distribution of crandallite (Ca Al P)° CO3 indicates the hidden 
leaching/weathering of ores in which small amount of Ca-2 was replaced by Al'' 
during remobilization and recrystallization by means of the ground water circulation 
and sea waves, tides and currents in the Bijawar basin (Khan et at., 2012a). 
Fe20-,/A1203 ratio (Table 5.5) indicates that iron is exclusively contained in the 
altmtino-sificate mineral phase. the variable MgO/Al2O3 (Table 5.5) ratio indicates 
that Mg is a terrigenous impurity and related to the carbonate Iluorapatite. 
(n T102 vs P205 
The antipathetic relationship shown by detrital trace elements' is clearly 
exhibited by P,O; and Ti02 which is located predominantly in detrital, rulile, ilmenite 
and leucoxene (Cook, 1972). Goldschmidt (1954) reports that under some conditions 
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TiO,  is absorbed by clay minerals. The TiO2 data marked a trend of increasing TiO2 
«ith decreasing P,O; is quite apparent in all phosphorites. The T102 content of the 
non-pelletal phosphorite is_ however, higher than that of the pelletal phosphorites. the 
TiO_ content of the phoscrete is lows due to the titaniferous minerals remaining 
relatively insoluble during the solution, mobilization and reprecipitation of apatite as 
phoscrete, Cook (1972). 
Ti01—P205 plots show weak negative relationship in phosphorites (Fig. 5.sf) 
and strong negative correlation in associated rocks in the study area (Fig. 5.6Q. This 
relationship indicates the location of minor amount of Ti02 outside the crystal lattice 
of apatite by mutual ionic substitution and/adsorption on the mineral surface of 
apatite, in addition to iron and clay minerals and the presence of a few detrital grains 
of ilmenite. The random correlation of Ti02 with P2Oe  may be possible due to 
leaching/mild weathering, remobilizatieo and reprecipitation. 
(g) MnO vs P205  and CaO 
The Mn is present dominantly as MnO,, although a limited amount of Mn 
substitution in the apatite lattice could conceivably occur in the more tttanganiferous 
phosphorites either as Mn2+ substituting for Call or alternatively by (MnOa)-
substituting for (PO4)-3 (Croft, 1966; Rao et al.. 1987). The concentration and state of 
dispersion of MnO and iron compounds on the sediment surfaces control the 
distribution of P in the sediments. 
In the study area, the MnO is randomly correlated with P20; in phosphorites 
as well as in associated rocks (Fig. 5.5g and 5.6g). Such a relationship indicates: (i) 
non-affinity with P205 and minor occurrences of Mn outside of the apatite lattice; (ii) 
the MnO may be associated with detrital grains and it may be introduced in the 
system during weathering process. 
Calcium may be replaced in part by Mn, Cr, Sr or in small part by Na. K, Mg, 
Fe or even carbon (Winchell and Winchell, 1968). Isomorphic substitution of Ca+2 
cations by Mn'2 ions and V44 (VO4)" were observed in the ancient phosphorites 
(Khudolozhkin et al., 1972; Pettijohn, 1984). In the study area. CaO and MnO show 
weak positive correlation in the phosphorites and associated rocks (Fig. 5.7e and 
5.Se), which may be attributed partly to the substitution of Ca l by Mn'- and further 
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addition or adsorption of MnO in the apatite crystal lattice during and or after the 
formation of phosphorites in the basin. 
(h) X,O vs ROs and CoO 
The concentration of potassium in Lalhpur phosphorites appear to be too low. 
The relationship of KZO with P2O, is weak negative in phosphorites and associated 
rocks (Fig. 5.5h and 5.6h) and K20 shows positive correlation with CaO in 
phosphorites (Fig. 5.71) which may be due to remobilization, reprecipitation, 
leaching/weathering of ores in the alkaline shallow marine conditions and negative 
correlation in associated rocks (Fig. 5.Sf). The negative relationship between the two 
oxides indicates presence ofminor amounts of K20 outside the apatite crystal lattice. 
5.3.2 INTER-RELATIONSHIP OF VARIOUS OXIDES 
(a) SiO2 vs Al2O3 
Alumina constitutes a significant percentage 3 to 8% in the phosphate rich 
rocks (James, 1966). The high Si02/A1203 ratios could be explained due to loss of 
aluminium which has a higher solubility than silica in very acidic conditions 
(Krauskopf, 1956; Wey and Siffert, 1961). Si02-A1203 plots of study area show 
negative correlation in phosphorites (Fig. 5.9a) and poor correlation in associated 
rocks (Fig. 5.10a). The poor correlation reflects the complex mineralogical variations 
and immature nature of these sediments which may be due to their deposition 
immediately after erosion. Negative correlation between SiO2 and A1201 indicates that 
there were distinct detrital sources for quartz and AI-bearing detrital phases or more 
likely silica might be supplied by a non-detrital source i.e. hydrothermal or biogenic 
source. Same is the case with Early Cambrian Tiantaishan phosphorites of China 
(Hein et al., 1999). 
(h) SiO2 vs Fe2O3 
Iron. during weathering. is converted into ferric oxide and carried as stabilized 
colloids or is separated as adsorbed coatings on detrital particles according to their 
setting velocities (Wedepohl, 1970). The Si02 and Fe2O; constituents show weak 
positive correlation in phosphorites (Fig. 5.9b) and negative relationship in associated 
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rocks (Fig. 5.10b) of the study area. The concentration of Fe203 varies with the 
variation of Si02 content. This relation may be due to small-scale leaching of Si02 
both laterally and vertically by the circulation groundwater and secondary enrichment 
of Fe,O; in the form of hematite, limonite and iron oxide coatings on the surface of 
phosphorites. 
(c) Fe l7i vs A1203 
According to Cook (1972) during weathering there is an overall, though 
somewhat irregular, increase in most major elements including Fe203 located outside 
the apatite lattice. This increase in concentration, in some instances, may result from 
the insoluble nature of the host minerals, but in general, it is probably the result of 
introduction of the constituents during the course of weathering. 
Alumina (A1203), plotted against total Fe203 shows strong and weak 
antipathetic relationship in phosphorites and associated rocks of the area (Fig. 5.9c 
and 5]Oc) respectively. This relationship suggests that alumina is a partitioned 
element between alLimino-silicate and carbonate fluorapatite minerals. It may also be 
indicated that both total iron and alumina behave almost similarly in a shallow marine 
environment, which is subjected to rapid physieo-chemica l changes even at a short 
distance due to the mixing of the land derived material. The FeZ03/AI,03 ratio in 
Lalitpur phosphorites (Table 5.5) are lower than that of associated rocks (Table 5.6) 
indicating close association of Fe203 with aluminosilicate minerals. 
(d) FeO,2  vs AfnO 
It is logical to believe that both Mn and Fe are introduced into the 
phosphorites in course of weathering and both of them are located outside the apatite 
lattice and adsorption supported by Cook (1972). In the study area, the Fe203 and 
MnO show antipathetic correlation in phosphorites (Fig. 5.9d) and sympathetic 
correlation in associated rocks (Fig. 5.10d), which may be due to oxidation followed 
by mutual ionic substitution of Fe ' by Mn ' and adsorption of MnO in the crystal 
lattices of apatitic minerals, captured by high iron content (hematite, etc.) and 
weathering of the ore in the later stages. 
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Parker and Siesser, (1972) shows that the lower Mat) value is associated with 
the samples containing the highest Fe201 value. Strong affinity of Mn for F?3 is well 
documented in geological records. Hence, higher concentrations of Mn in associated 
rocks of Lalitpur area appears to be a normal genetic association. According to 
Banerjee, et al. (1984); Saigal and Banerjee, (1987) Mn shows positive correlation 
only with Fe'3, which further confirms Mn-Fe association. 
Table 5.5 reveals that phosphorites of the study area have high and variable 
Mg0/Mn0 and FeO20i/Mn0 ratios which indicate that iron and manganese were 
delivered at the site of deposition in different proportions. Feel in solution is more 
easily oxidized than Mn' and it is stabilized as Fe203 or Fe(OH)3, where as Mnz} 
oxidizes to Mn(OH)4 or Mn02. It is presumed that the pH of the medium might have 
slightly increased due to the mixing of various terrestrial materials giving rise to 
several chemical changes that resulted in enrichment of Fe and Mg as oxides and 
depletion in the concentration of MnO. 
(e) Fe,03 vs MgO 
The relationship between total Fe103 and MgO for Lalitpur phosphorites and 
associated rocks are shown in Fig. 5.9e and 5.10e respectively. Both show inverse 
relationship, which may be due to the similarity of'vig2  ion with Fc2- causing mutual 
substitution of one for the other under similar physic-chemical conditions for their 
enrichment. This is also in accordance with the same relationship of these elements in 
the case of Pithorgarh phosphorites of Uttrakhand (Khan, 1978). 
(9 Fe203 vs TMOM 
The elements like Al-K-Ti consistently group as clays and that with leaching 
of the phosphorites, Ba, Th, Ce, Ni and Sr substitutes for elements in the clay 
structure or are adsorbed on to clay surfaces (Cook, 1972; Howard and Hough, 1979). 
The phosphorites and associated rocks of the Lalitpur area showing weak negative 
correlation between Fe203 and TiO, (Fig. 5.9f and 5,100 respectively, which may be 
due to non-availability of 1102 content in the basin or poor mutual ionic substitution 
of Fe" by Ti 43 at the time of formation of phosphorites. It may also be possible that a 
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minor quantity of TiO2 might have arrested in the ferruginous and phosphatic gels and 
clay bearing minerals 
(g) K2O vs A1:03 
The K2O-AI2Oa plots of phosphorites and associated rocks (Fig. 5.9g and 
5.1 Og) respectively show positive correlation, which is possibly due to the presence of 
potash feldspars in these phosphorites. The sympathetic relationship also suggests that 
alumina is partitioned element between alumino-silicate and carbonate fluora-apatite 
minerals. The same positive correlation of these elements has also been reported by 
Baioumy et al. (2007). 
(Ir) A120j vs Ti02 
In the study area, A1203 versus TiO2 shows positive relationship (Fig. 5% and 
5.10h) respectively, indicating a close association of Ti with At in a general way, 
though the geochemical coherence is not strong. The sedimentation intensity at the 
site of deposition is indicated by constant A12031 1 i02 ratios in Lalitpur phosphorite 
deposits. The same positive correlation of A1203-TiO2 is also given by Baioumy et al. 
(2007) in the phosphorites of Egypt. 
(ii SiO/A1203 vs P105 
When SiO,/A1203 ratio (Table 5.5 and 5.6) was plotted against respective P205 
values. It was observed that P205 slightly increases with the increase of SiO,/AIz03 
ratio in the Lalitpur phosphorites (Fig. 5.1 la), but in the associated rocks, it shows a 
reverse relationship (Fig. 5.12a). The author is of the opinion that the negative 
correlation with P,O_ may also be taken as a maturity index and its abundance in 
these rocks should be an indicator of their mineralogical maturity. Close affinity of 
P,05 with limestones, quartzites also favors the above observation. This type of 
correlation has also been observed by Khan and Israili (2005). 
CO CaOiMgo vs x05 
In the study area. CaOiMg0 ratio (Table 5.5 and 5.6) plotted against P205 
indicated poor correlation in phosphorites (Fig. 5.1 lb) and positive correlation in 
associated rocks (Fig. 5.12b). The poor correlation indicates that in the process of 
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P205 enrichment there is a gradual removal of CaO and MgO upto a certain limit (30-
35% of P,O,) from where MgO remains stationary and only CaO is removed out the 
expense of MgO (Issraili. 1978b). According to Martin and Harris (1970) the 
magnesium ions seems to retard the reaction (salinity) when Ca/Mg ratio approaches 
4.5 to 5.2. The diagenetic reaction occurring within anoxic sediment could arise the 
Ca'Mg ratio to the point where apatite may precipitate. 
(k) CaO/P205 vs P2O5 
The higher Ca0/P20; ratios of pelletal phosphorites are difficult to explain in 
view of the fact that apatite in these phosphorites do not contain free carbonate. 
Fluorine substitution for PO4-3 could be one of the causes ol'depletion in P205 content 
and raise the CaO/P205 ratios. Higher than normal F content could be a pointer 
(Saigal and Banetjee, 1987; Ranerjee and Saigal, 1988). 
The CaO/PO : ratios vary between 1.13 and 1.46 with an average of 1.32 
(Table 5.5). These values are slightly lower than the most cation and anion substituted 
francolite (1.621). but related to flourapatite (1.318)-Ch'A range (McClellan and Van 
Kauwenberg, 1990; Hein et al., 1993). CaO/P205 ratios would be higher (2.26, Birch, 
1979) if the phosphorites were formed by replacement of calcium carbonate. If the 
phosphorites were found to contain lower CaO/P205 (0.38), which is probably 
controlled by lower calcium content (Vaz, 1995; Nath et al., 2000). According to 
Lucas et al. (1980) as the phosphorite turns red, its mineralogy changes; CO2 in 
apatite decreases ranging between 1.5 and 4.5%; the CaO/P2O5 ratio decrease to 1.30 
and the mineral is depleted in both Sr and F. This is a trend towards fluorapatite. The 
phosphorites of Lalitpur area are also red in color trending towards fluorapatite. 
According to Slansky (1986) carbonate fluorapatite should have CaO/P2Oc ratio 
higher than 1.10, while values of lower than this are ascribed to noncarbonated 
apatite. The CaO/P205 ratio of Lalitpur phosphorites varies between 1.13 to 1.46 
(Table 5.5), which corroborates the above findings. According to Abed and Amireh 
(1999) the CaO/P2O;  average ratio of Cretaceous phosphorites of Jordan is 1.23. This 
ratio classifies the slightly weathered phosphorites (Flicoteaux and Lucas, 1984; 
McArthur, 1985; Abed and Abdalla, 1998) as CaO is more easily removed than P2O. 
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Fig. 5.11. Graphical representation of S102/A1203-P205, CaO/MgO-P205 and CaOIP2O5-P=Os in 
phosphorites of the Lalitpur district. 
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Fig. 5.12. Graphical representation of SiO21A1203-P205, CaO/MgO-P2Os and CaO/P205-P205 in 
associated rocks of the Lalitpur district. 
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Same is the case with the Lalitpur phosphorites as CaO/P205 ratio is 1.13 to 1.46 
which is related to above discussion. 
The relationship of P105 with CaO/P2O, is a progressive negative in 
phosphorites and associated rocks (Fig. 5.11c and 5.12c). The low ratio values of 
CaO/P20; (1.13-1.46) in the phosphorite (Table 5.5) supports the little evidence of 
organic matter in these phosphorites. The low values of CaO/P205 also support the 
occurrences of carbonatea-fluorapatite in phosphorites. The X-ray diffraction (XRD) 
studies (Fig. 4.7) also indicate the presence of the carbonate fluorapatitc in Lalitpur 
phosphorites. 
5.4. PETROCHEMICAL FIELDS AND TRENDS 
Though it was difficult to derive a general trend for sedimentary rocks due to 
their complex physico-chemical conditions which brought out these rocks. An attempt 
is made here to discuss the geochemieal characteristics of various constituents of 
phosphorites in the light of appropriate triangular diagrams based on the analytical 
determinations. The hulk components are recalculated to percent weight (Table 5.7 
and 5.8). 
Fig. 5.13a illustrates CaO-MgO-P205 diagram which shows the variation trend 
of CaO and P205 with respect to MgO in the phosphorite rock system. This trend 
reveals that most of the points lie along CaO-P205 line and MgO does not increase 
beyond I5 percent. It demonstrates that with the addition of P2Os and CaO. there is 
generally a pronounced decrease of MgO in Lalitpur phosphorites. The ternary 
diagram of Ca0-Mg0-Fe203 (Fig. 5.136) shows scatter of jumbling of points at CaO 
corner, indicating a weakly positive correlation between MgO and Fe203. CaO 
increases at the expense of MgO and Fe203 content in phosphorites. Fig. S.13c shows 
variations of MgO-Pe2O3-Al2Oa in the ternary diagram with strong scatter of points 
widening towards the Fe203-A1203 side. It indicates higher percentage of total iron 
than MgO and A1203. It might be due to the presence of ferromagncsian minerals in 
these sediments. In the CaO-Fe203-K2O diagram (Fig. 5.13d), most of the plots lie at 
CaO corner and slightly spreading towards Fe203 side. showing variation in total iron 
though the total alkalies remain almost constant. It is Observed that behavior of total 
alkalies is not much affected with the variation of lime and the total iron indicating 
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deposition of these rocks in a slightly alkaline medium. Ti02-K20-Pi(5 diagram (Fig. 
5.14a) consistently indicates an oceanic environment (Pearce, 1975) and similar in 
TiOx-MnO-P70s diagram (Fig. 5.14b) (Mullen, 1983). In the study area, the 
recalculated weight percentage values of IiO2 vary from 026 to 0.54. K2O from 0.03 
to 6.01 and P205 from 93.45 to 99.71 in phosphorites (Table 5.7). The P205 content is 
very high as compared to other major constituents like 1102 and K20 in these 
phosphorites. The trend of these elements towards the corner of PzOs in the diagram 
(Fig. 5.14a) further indicates that the source of these phosphorites was of alkaline 
oceanic environment which was conducive to the deposition along the continental 
margins of the basin. TiO2-MnO-P105 diagram (Fig. 5.14b) shows the relationship 
similar to that of Ti02-K,O-P205 diagram. the trend of the phosphorite sample values 
are towards the P205 comer which further supports the oceanic source of these 
phosphorites. The AI2O3-K20-Si02 relationship shows that the values fall mostly on 
the Si02 corner except few examples (Fig. 5.14c), indicating the presence of 
insignificant amounts of admixed alumino-silicate minerals in these rocks. 
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Fig. 5.13. Triangular diagrams showing chemical relationship of important major constituents 
(MgO-CaO-P20%, MgO-CaO-Fe2O3, MgO-Fe2O3-A1203 and Fe203-CaO-K20) of 
phosphorites of the Lalitpur district. 
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Lalitpur district. 
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Table 5.1. Major element concentrations (in wt%) of phosphorites of the Lal@pur district. 
simple SiO, Al,O, Fe,O, Moo MgO CaO K1O TiO2 P2O5 LOI SUM No. 
To-8 14,77 0.31 0.76 0.00 0.28 39.23 0.02 0.09 29.12 15.35 99.93 
Su-11 17.15 0.25 1.41 0.01 028 38.80 0.11 0.09 28.78 12.45 99.36 
G-14 20.58 0.28 0.67 0.02 0,28 38.05 0.10 0.09 31.84 8.21 100.12 
C-17 1955. 0.18 0.64 0.02 0.28 38.01 0.10 0.09 31.82 8.10 98.79 
P-25 15.21 0.15 0.60 0.03 0.28 40.07 0.01 0.09 30.36 12.69 99.49 
P-26 15.47 0.18 0.74 0.01 0.28 38.63 0.02 0.09 29.99 11.73 97.14 
P-27 17.68 0.17 0.72 0.01 0.28 37.80 0.02 0.09 28.78 13.77 99.32 
P-29 5.31 0.60 0.85 0.02 0.28 44.92 0,07 0.09 30.69 14.85 97.68 
Sn-33 18.06 0.16 0.55 0.02 0.25 37.82 0.02 0.08 28.78 13.75 99.52 
To-43 17.50 0.22 1.32 0.03 0.28 37.80 0.03 0.09 28.78 12.75 98.80 
To-45 11.02 2.64 0.76 0.01 0.31 40.53 1.49 0.16 29.44 13.23 99.59 
To-50 9.10 2.70 0.76 0.01 0.3! 41.67 1.62 0.14 29.77 12.59 98.67 
To-52 8.35 2.83 0.65 0.01 0.31 42.19 1.77 0.15 29.90 11.79 97.95 
To-53 9.31 3.06 0.69 0.01 0.31 41.45 1.91 0.17 29.69 13.06 99.66 
To-54 5.20 0.80 1.02 0.01 0.28 44.91 022 0.10 30.72 14.79 98.05 
To-56 7.34 1.44 1.04 0.02 0.29 43.16 0.73 0.11 30.19 13.97 98.29 
To-59 10.42 0.48 1.00 0.02 018 41.47 0.10 0.09 29.71 14.75 98.32 
To-60 6.85 0.14 0.87 0.01 0.27 43.95 0.01 0.08 30.46 14.88 97.55 
To-66 16.26 0.23 1.06 0.01 0.28 38.15 0.02 0.09 28.86 12.89 97.85 
To-67 16.75 0.29 2.89 0.01 0.28 37.81 0.03 0.09 28.78 11.99 98.92 
Sm-69 20.53 0.17 0.76 0.02 0.28 37.80 0.02 0.09 30.78 8.79 9924 
Sm-70 21.30 0.27 1.53 0.01 0.28 35.80 0.02 0.09 31.78 8.32 99.40 
B-73 20.55 020 1.90 0.00 0.28 37.80 0.03 0.09 29.98 7.85 98.68 
B-75 19.47 0.16 0.58 0.01 0.28 39.81 0.10 0.09 30.78 6.99 98.27 
B-77 21.44 0.17 1.07 0.01 0.28 37.79 0.11 0.08 30.78 6.89 98.62 
11-79 21.14 0.12 1.62 0.01 0.28 37.80 0.12 0.08 29,98 7.55 98.70 
LOh Lass on ignition 
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Table 5.2. Major element concentrations (in wt%) of associated rocks of the Lalitpur district 
Sample SiO, AI2OI FepO3 MnO MgO Ca0 Na2O KjO TiOz P1Os LOJ SUM No. 
DOLOMITIC LIMESTONES 
C-19 10.61 1.37 1.00 0.08 1.75 	44.51 ND 0.12 0.10 20.72 15.99 96.25 
To-62a 17.45 1.68 9.05 0.22 1.32 	40.46 ND 0.03 0.14 21.72 6.99 99.06 
To 63 9.64 011 2.07 0.12 2.07 	43.69 ND 0.23 0.10 23.77 14.66 97.16 
SHALES 
.... .., 
Tp-4 48.48 35.56 1.52 0.00 1.05 	0.10 0.32 10.15 1.36 0.03 1.02 99.59 
P-40 70.82 15.92 0.95 0.00 1.04 	010 0.13 4.32 0.79 0.01 2.57 96.65 
B41 78.22 10.66 2.00 0.01 0.31 0.18 0.01 2.45 0.56 0.10 2.50 97.00 
S4-83 54.63 22.35 8.28 0.03 1.40 0.12 0.91 3.50 1.78 0.01 5.87 98.88 
FERRUGINOUS SANDSTONE 
P-39b 63.98 025 25.66 0.10 0.26 7.22 0.01 0.27 0.06 0.01 1.36 99.78 
Ds-85 64.98 1.59 27.36 0.68 0.57 2.06 0.01 0.75 0.17 0.06 1.23 99.46 
QUARTZITE 
B-2 98.53 0.01 0.29 0.00 0.01 0.10 0.01 0.01 0.01 0.01 0.47 99.45 
P-29 98.70 0.01 0.30 0.00 0.01 0.09 0.01 0.01 0.01 0.00 0.48 99.62 
Sn-31 94.49 0.01 041 0.01 0.08 2.06 0.01 OS! 0.02 1.69 1.01 99.80 
LOI= Loss on ignition 
ND=Nor detected 
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Table 5.3. Minimum, Maximum and Average values of major elements for phosphorites, 
dolomitic limestone, shale, ferruginous sandstone and quartzites of the Laiitpur 
district. 
PHOSPHORITES 	 ]DOLOMITIC LIMESTONES 
Min. 	Max. 	Average 	 Min. 	Max. 	Average 
SiO2 5.20 21.44 14.86 9.64 17.45 12.57 
A1203 0.12 3.06 0.70 0.81 1.68 1.29 
Fe2O3 0.55 2.89 1.02 1.00 9.05 4.04 
MnO ND 0.03 0.01 0.08 0.22 0.14 
MgO 0.27 0.31 0.28 1.32 2.07 1.71 
CaO 35.80 44.92 39.74 40.46 44.51 42.89 
K20 0.01 1.91 0.34 0.03 0.23 0.13 
T102 0.08 0.17 0.10 0.10 0.14 0.11 
P205 28.78 31.84 30.02 20.72 23.77 22.07 
LOI 6.89 15.35 11.69 6.99 15.99 12.55 
Continued...... 
SHALE FERRUGINOUS SANDSTONE QUARTZITE 
Min. Max. Average Min. Max. Average Min. Max. Average 
5103 48.48 78.22 63.04 : 	63.98 64.98 64,48 94.49 98.70 97.24 
AhO, 10.66 35.36 21.12 0.85 1.59 1.22 ND 0.01 0.01 
Fe2O3 0.95 8.28 3.19 ` 25.66 27.36 26.51 0.29 0.41 0.33 
Mao ND 0.03 0.01 ': 	0.10 0.68 0.39 ND 0.01 0.00 
MgO 0.31 1.40 0.95 .`: 	0.26 0.57 0.42 0.01 0.08 0.03 
CaO 0.10 0.18 0.13. 2.06 7.22 4.64 0.09 2.06 0.75 
Na20 0.01 0.91 0.34 ND 0.01 0.01 ND 0.01 0.01 
KtO 2.45 10.15 5.11 0.27 0.75 051 °i 	ND 0.01 0.01 
TiOt 0.56 1.78 1.12 } 	0.06 0.17 0.12 0.01 0.02 0.01 
P20, 0.01 0.10 0.04 .' 	0.01 0.06 0.04 
tii 
`~ 	ND 1.69 0.57 
LOI 1.02 5.87 2.99 - 	1.23 1.36 1.30 0.47 1.01 0.65 
ND=Not Detected 
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Table 5.4. Correlation matrix for major element concentrations In phosphorites and associated 
rocks of the Lalitpur district. Both positive and negative significant correlations are 
highlighted. 
PHOSPHORITES 
Si02 AI203 Fe203 MaO MgO CaO K20 1102 P205 
Si02 
A4O3 -0.58 
Fe2O3 0.24 -0.24 
MaO -0.02 -0.15 -0.26 
MgO -0.41 0.97 -0.23 -0.15 
CaO -0.94 0.46 -0.30 0.05 0.28 
K20 -0.50 0.99 -0.25 -0.17 0.98 	0.39 
T102 -0.50 0.98 -0.24 -0.16 0.97 	0.36 	0.97 
P205 0.11 -0.11 -0.24 0.16 -0.15 	0.08 	-0.11 
ASSOCIATED ROCKS 
S1O2 A1203 Fe203 MnO MgO CaO Na2O K20 TiO2 P205 
SiO2 
A1203 -0.06 
Fe2O3 -0.06 -0.19 
MaO -0.21 -0.28 0.75 
MgO -0.92 0.24 -0.13 0.07 
CaO -0.87 -0.37 -0.09 0.13 0.74 
Na20 -0.59 0.66 -0.07 -0.18 0.81 -0.29 
K20 -0.04 0.97 -0.19 -0.24 0.17 -0.37 	0.45 
TiO2 -0.08 0.92 -0.11 -0.24 0.30 -0.36 	0.89 	0.80 
P20S -0.86 -0.34 -0.17 0.11 0.75 0.99 	-0.20 	-0.35 	-0.33 
-0.13 
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Table l.5. CaO/SiOx, SIO2/A11O3, CaO/MgO, CaO/P2Os and A110)Fe20,, Fe2OIAI1Ot, 
MgOfMOO, FejO,/MnO, MgO/AI20t and AI=O~fiO, ratios for phosphorites of the 
Lalitpur district. 
Sample Ca05i02 Si01/Ah0, CaO/MgO CaO/P10, A11037Fe,03 No. 
10-8 2,66 47.65 140.11 135 0.41 
SN-11 2.26 68.72 138.57 1.35 0.18 
G-14 1.85 73.50 135.89 120 0.42 
G-17 194 108.61 135.75 1.19 028 
P-25 2.63 101.40 143.11 1.32 0.25 
P-26 2.50 85.94 137.96 1.29 0.24 
P-27 2.14 104.00 135.00 1.31 024 
P-28 8.46 8.85 160A3 1.46 0.71 
SN-33 2.09 112.88 135.07 1.31 0.29 
T0-43 2.16 79.55 135.00 1.31 0.17 
T0-45 3.68 4.17 130.74 1.38 3.47 
TO-50 4.58 3.37 134.42 1.40 3.55 
TO-52 5.05 2.95 136.10 141 4.35 
TO-$3 4.45 3.04 133.71 1.40 4A3 
TO-54 8.64 6,50 160.39 1.46 0.78 
TO-56 5.88 5.10 148.83 1,43 1.38 
TO-59 398 21.71 148.11 1.40 0.48 
TO-60 6.39 49.14 162.78 1.44 0.16 
TO-66 2.35 70.70 136.25 1.32 0.22 
TO-67 2.26 57.76 135.04 131 0.10 
SM-0 1.84 120.76 135.00 1.23 0.22 
SM-70 1.68 78.89 127.86 1.13 0.18 
11-73 1.14 102.75 135.00 1.26 0.11 
B-75 2.04 121.69 142.18 129 0.28 
B-77 1.76 126.12 134.96 1.23 0.16 
B-79 1.79 176.17 135.00 1.26 0.07 
Continued...... 
Semple 
No. Fe2OIAl2O, M O/MnO 8 Fe O : s/MnO Mg0/Al2O3  AI203l7'i01  
TO-S 2.45 0.00 0.00 0.90 3.44 
SN-11 5.64 28.00 141.00 1.12 2.78 
C-14 2.39 14.00 33.50 1.00 3.11 
C-17 3.56 14.00 32.00 1.56 2.00 
P•25 4.00 9.33 20.00 1.87 1.67 
P-26 - 	4.11 28.00 74.00 1.56 2.00 
a 	P-27 4.24 28.00 72.00 1.65 1.89 
P-28 - 	1.42 14.00 42.50 0.47 6.67 
SN-33 '. 	3.44 14.00 27.50 1.75 2.00 
TO-43 6.00 9.33 44.00 1.27 2.44 
TO-45 - 	0.29 31.00 76.00 0.12 16.50 
TO-50 0.28 31.00 76.00 0.11 19.29 
TO-52 -' 	0.23 31.00 65.00 0.11 18.87 
TO-53 -. 	0.23 31.00 69.00 0.10 18.00 
TO-54 1.28 28.00 102.00 0.35 8.00 
TO-56 0.72 14.50 52.00 0.20 13.09 
TO-59 2.08 14.00 50.00 0.58 5.33 
TO-60 6.21 27.00 87,00 1.93 1.75 
TO-66 4.61 28.00 106.00 1.22 2.56  
10.67 -. 	9.97 28.00 289.00 0.97 3.22 
SM-69 - 	4.47 14.00 38.00 1.65 1.99 
SM•70  5.67 28.00 153.00 1.04 3.00 
073 - 	9.50 0.00 0.00 1.40 2.22 
B-75 3.63 28.00 58.00 1.73 1.78 
B-77 6.29 28,00 107.00 1.65 2.13 
079 13.50 28.00 162.00 2.33 1.50 
100 
Table. 5.6. CaO/SiO2, SiO2/A120s, CaO/MgO, CaO/P205, A1203/Fe203, Fe2031A1203, MgO/MnO, 
Fe203/MnO, MgO/A1203 and AI20,/Ti02 ratios for associated rocks of the Lalitpur 
district. 
Sample CaO/S102 2 CaO/M 80  CaO/P O z 	s A1203/Fe203  :hOs No. 
G18 4.20 7.74 25.43 2.15 1.37 
TO-62a 2.32 10.39 30.65 1.86 0.19 
TO-63 4.53 11.90 21.11 1.84 0.39 
TP-4 0.00 1.36 0.10 3.33 23.39 
P-40 0.00 4.45 0.10 10.00 16.76 
B-81 0.00 7.34 0.58 1.80 5.33 
SD-83 0.00 2.44 0.09 12.00 2.70 
P-39b 0.11 75.27 27.77 722.00 0.03 
DS-85 0.03 40.87 3.61 34.33 0.06 
13.2 0.00 9853.00 10.00 10.00 0.03 
P-29 0.00 9870.00 9.00 0.00 0.03 
SN• 31 0.02 9449.00 25.75 1.22 0.02 
Sample Fe2O3/A1203  MgO/MnO Fe2O3/MnO MgO/A1203  A120,/TiO2 No. 
G-18 0.73 21.88 12.50 1.28 13.70 
TO-62a 5.39 6.00 41.14 0.79 12.00 
TO-63 2.56 17.25 17.25 2.56 8.10 
TP-4 0.04 0.00 0.00 0.03 26.15 
P-44 0.06 0.00 0.00 0.07 20.15 
B-81 0.19 31.00 200.00 0.03 19.04 
SD-83 0.37 46.67 276.00 0.06 12.56 
P-39b 30.19 2.60 256.60 0.31 14.17 
DS-85 17.21 0.84 40.24 0.36 9.35 
13-2 29.00 0.00 0.00 1.00 1.00 
P-29 30.00 0.00 0.00 1.00 1.00 
SN- 31 41.00 8.00 41.00 8.00 0.50 
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Table. 5.7. Recalculated values to 100 wt% of the bulk components of P:O„ MgO and CaO; 
SIC)„ MgO and CaO, and Fe,O,, MgO and CaO; A1203, MgO and Fe,O,; KiO, FeiO, 
and CaO; P1Os, TiO2 and K1O; P205, T0O2 and MnO; K20, Sit), and Ah03; P,O,, 
Sit), and CaO in phosphorites of the Lalitpur district 
Sample 
No. P2O. MgO Cat) Sit, MgO Cat) Fe,O3 Mg0 Ca0 
To-S 42.43 0.41 57.16 27.21 0.52 72.27 1.89 030 97.42 
So-11 42.41 0.41 57.18 30.54 0.50 68.97 3.48 0.69 95.83 
C-14 45.38 0.40 54.23 34.93 0.48 64.59 1.72 0.72 97.56 
C-17 45.39 0.40 54.21 33.80 0.48 65.72 1.64 0.72 97.64 
P-25 42.94 0.40 56.67 27.38 0.50 72.12 1.47 0.68 97.85 
P-26 43.53 0.41 56.07 28.45 0.51 71.04  1.87 0.71 97.43 
P-27 43.05 0.42 56.54 31.71 0.50 67.79 1.86 0.72 97.42 
P-28 40.44 0.37 59.19 10.51 0.55 88.93 1.85 0.61 97.55 
Sd-33 43.03 0.42 56.55 32.16 0.50 67.34 1.42 0.72 97.85 
To-43 43.05 0.42 56.54 31.49 0.50 68.01 - 	3.35 0.71 95.94 
To-45 41.89 0.44 57.67 21.25 0.60 79.15 - 	1.83 0.75 97.43 
To-50 41.49 0.43 58.08 17.82 0.61 81.58 1.78 0.73 97.50 
To-52 41.30 0.43 58.27 16.42 0.61 82.97 1.51 0.72 97.78 
To-53 41.55 0.43 58.01 18.23 0.61 81.16 1.63 0.73 97.64 
To-54 40.47 0.37 59.16 10.32 0.56 89.12 2.21 0.61 97.19 
To-56 41.00 0.39 58.61 14.45 0.57 84.98 2.34 0.65 97.01 
To-59 41.58 0.39 58.03 19.97 0.54 79.49 2.34 0.65 97.01 
To-60 40.79 0.36 58.85 13.46 0.53 86.01 1.93 0.60 97.47 
To-66 42.89 0.42 56.69 29.73 0.51 69.76 2.68 0.71 96.61 
To-67 43.04 0.42 56.54 30.54 0.51 68.95 7.05 0.68 9226 
Sm-69 44.70 0.41 54.89 35.03 0.48 64.49 1.96 0.72 97.32 
Sm-70 46.83 0.41 52.76 37,12 0.49 62.39 4.07 0.74 95.19 
&73 44.05 0,41 55.54 35.05 0.48 64.47 4.75 0.70 94.55 
B-75 43.43 0.40 56.17 32.69 0.47 66.84 - 	1.43 0.69 97.89 
8-77 44.71 0.41 54.89 36.03 0.47 63.50 2.73 0.72 96.55 
8-79 44.05 0.41 55.54 35.70 0.47 63.83 4.08 0.71 95.21 
Continued 
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Sample ph03 MgO Fe2O3 	K,O Fe,O, CaO 	P,OG 110, K,O No. 
ToS 22.96 20.74 56.30 0.05 1.90 98.05 99.62 0.31 0.07 
51e-11 12.89 14.43 72.68 0.27 3.50 96.23 99.31 0.31 0.38 
G-14 22.76 22.76 54.47 0.26 1.73 98.02 99.41 0.28 0.31 
G-17 16.36 25.45 58.18 0.26 1.65 98.09 99.41 0.28 0.31 
P-25 14.56 27.18 58.25 0.02 1.47 98.50 99.67 0.30 0.03 
P-26 15.00 23.33 61.67 0.05 1.88 98.07 99.63 0.30 0.07 
P-27 14.53 23.93 61.54 0.05 1.87 98.08 99.62 0.31 0.07 
P-28 34.68 16.18 49.13 0.15 1.85 97.99 99.48 0.29 0.23 
SO-33 16.16 28.28 55.56 0.05 1.43 98.52 99.65 0.28 0.07 
To-43 12.09 15.38 72.53 0.08 3.37 96.55 99.58 0.31 0.10 
To-45 71.16 8.36 20.49 3.48 1.78 94,74 94.69 0.51 4.79 
To-50 71.62 8.22 20.16 3.68 173 94.60 94.42 0.44 5.14 
10-52 74.67 8.18 17.15 3.97 1.46 94.58 93.97 0.47 5.56 
Ta53 75.37 7.64 17.00 4.34 1.57 94.10 93.45 0.54 6.01 
To-54 38.10 13.33 48.57 0.48 2.21 97.31 98.97 0.32 0.71 
10-56 51.99 10.47 37.55 1.62 2.31 96.06 9729 0.35 2.35 
To-59 27.27 15.91 56.82 0.23 2.35 97.42 99.36 0.30 0.33 
10-60 10.94 21.09 67.97 0.02 1.94 98.04 99.71 0.26 0.03 
To-66 14.65 17.83 67.52 0.05 2.70 97.25 99.62 0.31 0.07 
To-67 8.38 8.09 83.53 0.07 7.10 92.83 99.58 0.31 0.10 
Sm-69 14.05 23.14 62.81 0.05 1.97 97.98 99.64 0.29 0.06 
Sm-70 12.98 13.46 73.56 0.05 4.10 95.85 99.66 0.28 0.06 
B-73 8.40 11.76 79.83 0.08 4.78 95.14 99.60 0.30 0.10 
B-75 15.69 27.45 56.86 0.25 1.43 98.32 99.39 0.29 0.32 
8-77 11.18 18.42 70.39 0.28 2.75 96.97 99.39 0,26 0.36 




No. P2O, TiO, MnO 1<20 SIO2 A1203 PO a Si02 Ca0 
To-S 99.69 0.31 0.00 0.13 97.81 2.05 35.03 17.77 47.20 
Sn-11 99.65 0.31 0.03 0.63 97.95 1.43 33.95 20.27 45.78 
G-14 99.66 0.28 0.06 0.48 98.19 1.34 35.19 22.75 42.06 
G-17 99.66 0.28 0.06 0.50 98.59 0.91 35.60 21.87 42.53 
P-21 99.61 0.30 0.10 0.07 98.96 0.98 35.45 17.76 46.79 
P-26 99.67 0.30 0.03 0.13 98.72 1.15 35.66 18.40 45.94 
P-27 99.65 0.31 0.03 0.11 98.94 0.95 34.16 20.98 44.86 
P-28 99.64 0.29 0.06 1.17 88.80 10.03 37.93 6.56 55.51 
Sn-33 99.65 0.28 0.07 0.11 99.01 0.88 33.99 21.33 44.67 
To-43 99.58 0.31 0.10 0.17 98.59 1.24 34.23 20.81 44.96 
To-43 99.43 0.54 0.03 9.83 72.74 17.43 36.35 13.61 50.04 
To-50 99.50 0.47 0.03 12.07 67.81 20.12 36.96 11.30 51.74 
To-52 99.47 0.50 0.03 13.67 64.48 21.85 37.17 10.38 52.45 
To-l3 99.40 0.57 0.03 13.38 65.20 21.43 36.90 11.57 51.52 
To-54 99.64 0.32 0.03 3.54 83.60 12.86 38.01 6.43 55.56 
To-56 99.57 0.36 0.07 7.68 77.18 15.14 37.41 9.10 53.49 
To-59 99.63 0.30 0.07 0.91 94.73 4.36 36.41 12.77 50.82 
To-60 99.71 0.26 0.03 0.14 97.87 1.99 37.47 8.46 54.07 
To-66 99.65 0.31 0.03 0.12 98.49 1.39 34.66 19.53 45.81 
To-67 99.65 0.31 0.03  0.18 98.13 1.70 _ 34.53 20.10 45.37 
Sm-69 99.64 0.29 0.06 0.10 99.08 0.82 '' 	34.54 23.04 42.42 
Sm-70 99.69 0.28 0.03 0.09 98.66 1.25 35.76 23.96 4028 
8-73 99.70 0.30 0.00 0.14 98.89 0.96 33.94 23.27 42.79 
B-75 99.68 0.29 0.03 0.51 98.68 0.81 34.18 21.62 4410 
3-77 99.71 0.26 0.03 0.51 98.71 0.78 34.20 23.82 41.98 
8-79 99.70 0.27 0.03 0.56 98.88 0.56 33.72 23.77 42.51 
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Table. 5.8. Recalculated values to 100 wt% of the bulk components of P205, MgO and 4 
SiO2, MgO and CaO; Fe2Os, MgO and CaO; A1203, MgO and Fe203; K20, Fe20, 
CaO; P=O, TiO2 and K20; P20, TiO2 and MnO; K20, SiO2 and A1203; P205, SiO; 
CaO in associated rocks of the Lalitpur district. 
Sample No. P205 MgO CaO SIO=  MgO CaO Fe203 MgO CaO 
C-18 30.93 2.61 66.45 18.66 3.08 78.27 2.12 3.70 94.18 
To-62a 34.20 2.08 63.72 29.46 2.23 68.31 17.80 2.60 79.60 
To-63 34.19 2.98 62.84 17.40 3.74 78.86 4.33 4.33 91.34 
Tp-4 2.54 88.98 8.47 97.68 2.12 0.20 56.93 39.33 3.75 
P-40 0.87 90.43 8.70 98.42 1.45 0.14 45.45 49.76 4.78 
8-81 16.95 52.54 30.51 99.38 0.39 0.23 80.32 12.45 7.23 
Sd-83 0.65 91.50 7.84 97.29 2.49 0.21 84.49 14.29 1.22 
P-39b 0.13 3.47 96.40 89.53 0.36 10.10 77.43 0.78 21.79 
Ds-85 2.23 21.19 76.58 96.11 0.84 3.05 91.23 1.90 6.87 
B-2 8.33 8.33 83.33 99.89 0.01 0.10 72.50 2.50 25.00 
P-29 0.00 10.00 90.00 99.90 0.01 0.09 75.00 2.50 22.50 
Sn-31 44.13 2.09 53.79 97.79 0.08 2.13 16.08 3.14 80.78 
Sample 
No. AI203  MgO Fe203  K20 Fe203  CaO P205 T102 K20 
G-18 33.25 42.48 24.27 0.26 2.19 97.55 98.95 0.48 0.57 
To-62a 13.94 10.95 75.10 0.06 18.27 81.67 99.22 0.64 0.14 
To-63 16.36 41.82 41.82 0.50 4.50 95.00 98.63 0.41 0.95 
Tp-4 93.26 2.75 3.99 86.24 12.91 0.85 0.26 11.79 87.95 
P-40 88.89 5.81 5.30 80.45 17.69 1.86 0.20 15.43 84.38 
8-81 82.19 2.39 15.42 52.92 43.20 3.89 3.22 18.01 78.78 
Sd-83 69.78 4.37 25.85 29.41 69.58 1.01 0.19 33.65 66.16 
P-39b 3.18 0.97 95.85 0.81 77.41 21.78 2.94 17.65 79.41 
Ds-85 5.39 1.93 92.68 2.49 90.69 6.83 6.12 17.35 76.53 
8-2 3.23 3.23 93.55 2.50 72.50 25.00 33.33 33.33 33.33 
P-29 3.13 3.13 93.75 2.50 75.00 22.50 0.00 50.00 50.00 




No. P2O5 TiO2 MnO K20 SiO, AM), P,O,, SiO, CoO 
C-18 99.14 0.48 0.38 0.99 87.69 11.32 27.32 13.99 58.69 
TO-62e 9837 0.63 1.00 0.16 91.08 8.77 27.28 21.91 50.81 
TO-63 99.08 0.42 0.50 2.15 90.26 7.58 30.83 12.50 56.67 
TP-4 2.16 97.84 0.00 10.78 51.47 37.75 0.06 99.73 0.21 
P.40 1.25 98.75 0.00 4.74 77.77 17.48 0.01 99.84 0.14 
B-81 14.93 83.58 1.49 2.68 85.65 11.67 0.13 99.64 0.23 
SD-83 0.55 97.80 1.65 4.35 67.88 27.77 0.02 99.76 0.22 
P-39b 5.88 35.29 58.82 0.41 98.28 1.31 0.01 89.85 10.14 
DS-BS 6.59 18.68 74.73 1.11 96.52 2.36 0.09 96.84 3.07 
18.2 50.00 50.00 0.00 0.01 99.98 0.01 0.01 99.89 0.10 
P-29 0.00 100.00 0.00 0.01 99.98 0.01 DAO 99.91 0.09 
SN-31 98.26 1.16 0.58 0.01 99.98 0.01 1.72 96.18 2.10 
pp. 107-155 
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CHAPTER-VI 
GEOCHEMISTRY OF THE TRACE ELEMENTS 
6.1 GNERAL STATEMENT 
The term trace element can't be rigidly defined, but is usually taken to mean 
those elements present in rocks in concentrations of less than a few thousands parts 
per million (ppm). 'I he chemical elements like uranium (G), nickel (Ni), cobalt (Co), 
chromium (Cr), vanadium (V), copper (Cu). lead (Pb), gallium (Ga) etc., the content 
of which in rocks is rather appreciable and form many minerals of their own are 
frequently know as "trace elements". In recent years the chemical composition of 
rocks. more particularly the distribution of trace elements in sediments has been used 
for distinguishing and identifying precisely their depositional environment. Some of 
the earlier workers, particularly in the earlier years of this century, have emphasized 
the distribution and significance of trace elements in geological materials. 
According to the concept of trace element geochemistry by Goldschmidt 
(1954), certain minor elements have a tendency to follow the concentration trends of 
major elements that are similar to their ionic radii and bond types. He found that the 
distribution of elements in different phases depends upon the electronic configuration 
of their atoms. Graf (1960) noticed the following forms in which minor and trace 
elements occur in some carbonate rocks: (i) solid solubility in the individual minerals, 
(ii) in detrital minerals, (iii) as authigenic precipitates, (iv) as by-products of 
recrystallization and (v) as individual elements or their compounds adsorbed on the 
various minerals. 
Elements absorbed in colloidal matter tend to accumulate in the clay zone, 
where as the detrital minerals and elements present in their lattices are deposited both 
in silts and sands. Intense chemical weathering of the source rock breaks down the 
complex silicates. aluminosilicates and sulphides of igneous and metamorphic rocks. 
The trace elements thus, released are usually Fe. Mn, P. V. Cr. Co. Cu. Pb. 7.n. Ba. etc 
that migrate partly in suspension as clay minerals. Consequently there n ill be a hither 
concentration of the elements in the line grained argillaceous and calcareous deep 
water sediments. 
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The `open apatite structure facilitates numerous trace element substitutions 
and many elements are known to be enriched in phosphorites relative to `average 
shale' (Jarvis et al., 1994). It is widely recognized that an enriched trace element 
group comprising Ag, Cd, Mo, Sc, U. Y. Zn and rare earth elements characterize the 
phosphorite fades (Gulbrandsen. 1966; Altschuler 1980; Prevot, 1990; Jarvis et al., 
1994). Several other elements including €3r, Cu, Cr, 1, Pb and V also commonly show 
strong affiliation to the apatite in sediments (Piper, 1991; Jarvis, 1992; Jarvis et al., 
1994). It is confirmed from mineral structure studies that many trace elements may 
replace Cap` in the apatite structure, including Pb34 (Gilinskaya, 1993), Vo' 
(Gilinskaya and Zanin 1983), U1  and Th4, (Gilinskaya, 1993;Gilinskaya et al., 1993; 
Jarvis et al., 1994). However two points have to be made: (i) trace elements are not 
necessarily located with in the apatite structure; they may be absorbed onto crystal 
surfaces or may be related to another mineral or phase, particularly organic matter and 
sulphides; (ii) average values may be misleading, since very wide ranges of 
concentration exist in different deposits. 
Apatites are capable of concentrating considerable amounts of various trace 
elements (Gulbrandscrt, 1966; Altschulcr, 1980; Prevot and Lucas, 1980). As pointed 
out by Tooms et al. (1969), the trace element pattern is a function of two factors: (i) a 
crystal chemistry, i.e., the capability of the apatite lattice to accept foreign trace ions 
and a geochemical one, (ii) the availability of these elements in the environment of 
the apatite formation. 
According to Altschuler (1973), the concentration of B. Ba, Be, Co, Li, Pb, 
Ni, V. Zn and all the rare earth elements are generally higher in phosphate rock than 
in the earth's crust and the concentrations of Ag, As. Cd, Cr, I, La, Mo, Ph, Sb, Se, 
Sn, Sr, U and Y may even be twice as high. According to Prevot and Lucas (1979), 
the most common trace elements of the phosphorites are Sr, Ba, V, Ni. Cr, Zn, Cu. 
Mo, Ag. Se, U and REEs. According to Gulbrandsen, (1966); Slansky (1986), the 
abundance of the trace elements in phosphorites is due to their association with 
organic matter or their integration into the apatite lattice. Concentration of Ag. As. 
Mo. Ni. V. 7n. CT. Cu. Sb. Se and Cd are principally due to organic matter, while 
those of Sr. U. Th and the rare earth elements are due to the apatite itself Vanadium. 
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however, may also be associated with the apatite, while uranium may be present in 
organic matter. 
The trace elements that tend to show a similar geochemical trend include. Ba, 
Co, Cu, Li. Ni, Pb, Rb and Zn. All of them are believed to be located outside the 
apatite lattice. Their increase in concentration in some instances may result from the 
insolubility of the host minerals, but in general, it is probably, the result of 
introduction during the course of weathering (Cook, 1972). Distribution and 
concentration of some trace elements, like Mg, Sr and Mn in the carbonate rocks, 
often used as environmental indicators, is strongly influenced by diagenetic processes. 
Sr has often been used as facies indicator. 
According to Banerjee et al. (1984), the geological literature has abundant 
documentation to show that the environment played significant roles and often 
assumed primary importance for the compositional changes in the marine 
phosphorites, carbonates and some associated sediments, Often the distribution and 
concentration of some trace elements in carbonate rocks are used as environmental 
indicator. However, distribution of elements is influenced by geographic factors of 
element availability, type and intensity of weathering in the source area, degree of 
sorting during transportation, interstitial pore water, early diageneric changes, 
hydrodynamic behavior of elastics to the currents, waves, provenance and dispersal 
pattern, reactions taking place at the sediment water-interface and also reactions 
within and amongst the products. 
Weathering may be responsible for trace element remobilization in various 
apatite deposits (Altschuler, 1973) and particularly in marine phosphorites (Lucas et 
al., 1980; Bormot-Courtois and Flicoteaux. 1989). Flicoteaux and Lucas (1984) 
described for first time, the behavior of some trace elements such as Ba, Sr, Ti, V, Ga 
and transition metals (Zn, Co, Ni, Cu. etc.) in the weathered phosphate deposits from 
western Senegal. 
An attempt has been made to present and discuss the geochemical abundance 
and distribution of certain significant trace elements like Cu. Pb. Ni. Co. Zn, Cr, Sr. 
Ba. Rh. V. Li. and Cd in the Lalitpur phosphorites and associated rocks in the light of 
the 'cork done as cited above. the variation in the mace elements of phosphorites and 
associated rocks of the area can be attributed either to varying depositional conditions 
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(basin configuration. redox conditions and productivity) or mixing of chemical 
precipitates and detritus shed from chemically distinct source areas as discussed by 
Garnit ct al. (2012a). The abundance and concentration trend of trace elements in 
phosphorites and the associated rocks of the Lalitpur district are presented in Table 
6.1 and 6.2 respectively. The minimum, maximum and average content (Table 6.3) 
were determined. The Pearson correlation matrix for element concentration in 
phosphorites and associated rocks of the study area are given in the Table 6.4 and 6.5. 
Both negative and positive significant correlations are highlighted. The relative 
abundance, concentration trend and average concentration of trace elements in the 
phosphorites and associated rocks have been presented in Fig. 6.1 and 6.2. 
6.2 TRACE ELEMENTS 
The geochemical behavior, abundance and distribution of individual trace 
element have been discussed in the foregoing pages: 
6.2.1 LEAD (Pb) 
Lead occurs in the upper lithosphere both as a chalcophilc and lithophile 
element. It is present in silicate and phosphate minerals ns Ph2*  ions and particularly 
replaces Ca (1.06 A) diadochically. It is also found in some calcium minerals as 
apatite up to 50 g/ton Pb (Goldschimdt, 1937b). The ionic radius of Pb (1.32 A) 
makes it possible to replace Sr (1.27 A). Accordingly, divalent lead commonly occurs 
in the structure of potassium feldspars. It may replace Cat' in minerals formed at 
lower temperature. 
The Concentration of Pb in phosphorites has been reported by many earlier 
investigators 10-43 ppm (Israili and Khan, 1980); 24-36 ppm (Rao, 1984); 2-7 ppm 
(Stamatakis, 2004); 3-4 ppm (Al-I-Iwaiti et al.. 2005); 4.8-12.2 ppm (Rao, 2008). 
Limestone and dolomites are generally low in lead. In these rocks its concentration is 
highly variable, i.e, 5-10 ppm (Krauskopf, 1955), 16 ppm (Runnels and Schleecher, 
1956) and 7.2 ppm (Graf, 1960). The concentration of Pb in phosphorites varies from 
20.2 to 645.74 ppm. where as in the dolomitic limestone. shale. ferruginous 
sandstone and quanzite_ it caries from 45.41 to 76.48 ppm. 6.04 to 1 L76 ppm. 2.22 to 
3.64 ppm. 9.02 to 52.11 ppm respectively (Table 6.3). The relative abundance and 
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concentration trends of Pb in phosphorites and associated rock samples of the Lalitpur 
district is represented in Fig. 6.1 and 6.2 respectively. 
In the study area. Pb shows weak positive correlation with P205 in phosphorite 
samples and strong positive correlation with P20, in associated rocks (Fig. 6.3a and 
6.4a), which suggests that under favorable physicochemical condition. Pb was rather 
separated from its original host mineral during weathering and transported in the form 
of soluble stable compound in association with carbonate minerals. 
The insignificant positive correlation between Pb and P205  has also been 
reported by Rao (1984) in Precambrian stromatolitic phosphorites indicating that Pb 
was preferentially adsorbed by silicate rather than phosphate minerals. Thus it is 
reasonable to conclude that Pb has been found as the Pbi0(PO4)4 (SiO4)2 compound 
because of the very high Field stability in the PbO-SiO2-P205 system (Paetsch and 
Dietzel, 1956; Rao, 1984), and it was concentrated by the influence of fossil algae. 
6.2.2 ZINC (Zn) 
Zinc is a chalcophile mobile element which during weathering goes readily 
into solution as sulphate or chloride, which is later on transported by surface or 
ground waters. The ionic radii of Zn" (0.74 A) and Fee+ (0.76 A) are closely similar, 
suggesting that Zn2+ should be camouflaged in Fee` following the principal 
(Goldschmidt, 1937). 
The elemental mobility in secondary oxidizing and acidic environments is 
high for the trace elements like Cu, Zn, Ni and Co (Roonwall and Kumar, 1987). 
Most trace elements (Co, Ni, Cu, Pb and Zn) in the nodules are present in the 
manganese and ferric oxides (Ghosh, 1988). These elements are carbonate hosted and 
are confined to the marginal shelf sequence showing a diverse lithofacies association 
(Singh, 1988). 
The concentration of Zn in phosphorites has been reported by many earlier 
workers as 11-65 ppm (Israili and Khan, 1980); 6-148 ppm (Rao, 1984); 12-30 ppm 
(Stamatakis- 2004); 52-61 ppm (Al-Hwaiti ct aL, 2005); Zanin and Zamirailoca, 
(2007) reported average concentration 614.51 ppm of phosphorites related to 
sedimentary rocks and 233.4 ppm related to endogenous rocks; 18-33 ppm (Rao et al.. 
2008); 104-130 ppm (Adesanwo, 2009): 30-290 ppm (Imamoglu, 2009); 27.84-50 
ppm (Kharin, 2009). The concentration of Zn in Lalitpur phosphorites ranges from 
16.67 to 285.36, whereas in associated rocks like dolomitic limestone, shale. 
ferruginous sandstone and quamite, it ranges from 43.55 to 133.60, 50.40 to 115.19; 
90.83 to 494.86; and 4.85 to 9.87 ppm respectively ('fable 6.3). The relative 
abundance and concentration trends of Zn in phosphorites and associated rock 
samples of the Lalitpur district is shown in Fig. 6.1 and 6.2 respectively 
In the study area, Zn shows weak negative correlation with P205 in the 
samples of phosphorites and associated rocks (Fig. 6.3b and 6.4b), which may be due 
to mutual substitution in the apatite and/adsorption by clay and ferruginous content 
during and after phosphatization. Weathering and leaching may also be responsible 
for a negative correlation of P205 with Zn. in which Zn might have been lost (Prevot 
and Lucas, 1980; Proshlyakova et al., 19X7; Khan et al. (2012a). Possibly Zn may be 
absorbed by clay particle or apatite crystallites and other elements which entered in 
the apatite lattices. This element may also be associated with higher ferruginous 
content and confined to shallower parts of the basin (Cook, 1972; Bandyopadhya and 
Roy, 1987). The positive correlation between Zn and CaO has been observed in 
phosphorite samples (Fig. 6.5a), but no significant correlation in associated rocks 
(Fig. 6.6a). The positive correlation suggests partial substitution of Zn for calcium in 
the apatite lattice. It may also be possible that the apparent deficiency of Zn in the 
phosphorites is a function of weathering and leaching Khan et al. (2012a). 
6.2.3 COPPER (Cu) 
Copper is a strong chalcophile element and shows high affinity with sulphur. 
Small amount of copper has also been reported from silicate and carbonate phases. 
There is close similarity in radii of Cue+ (0.69 A) and Fe' (0.76A) for mutual ionic 
substitution. Copper has similar mean contents in all the rock types, but with a minor 
to maximum in the chens. the levels being appreciably below the Clarke value for 
sedimentary rocks. They indicate that most of the copper is associated with clay 
minerals. Copper in the weathering crust is thus, associated with clay minerals and 
sulphides oxidation products. Cu tends to be lost from the carbonate phosphorite 
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Fig. 6.2. Graphs showing relative abundance of certain trace elements of associated rocks of the 
I.alitpur district 
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The concentration of Cu in phosphorites has been reported and defined by 
many earlier workers. Its concentration variation trend has been reported by earlier 
workers as 5-31 ppm (Israili and Kharr, 1980): 70-94.0 ppm (Rao, 1984); 17-25 ppm 
(Rao et al.. 2002); 5.0-15.6 ppm (Stamatakis, 2004); 3-5 ppm (AI-Hwaiti or al.. 2005); 
12.7-19.7 ppm (Rao et al., 2008); 6-135 ppm (lmamoglu. 2009); 5.0-59A ppm 
(Kharin, 2009). The Cu content (100 ppm) in phosphorites has also been reported in 
phosphorites of Phosphoria Formation of U.S.A. (Gulbrandsen, 1966). The Cu 
content in Lalitpur phosphorites varies from 8.36 to 154.82 ppm where as in 
associated rocks, it ranges from 7.85 to 29.75, 22.83 to 73.82, ND to 25.13 and 0.23 
to 0.57 in dolomitic limestone, shale, ferruginous sandstone and quartzite respectively 
(Table 63). Relative abundance of Cu in phosphorite samples of Lalitpur is 
represented in Fig. 6.1. The concentration trend and average concentration in the 
different rock types of the study area have also been shown (Fig. 6.2). The low 
content of copper may be responsible for the meagre evidence of pyrite. On the other 
hand, it may also be possible that these sediments were formed during highly 
oxidizing conditions. One more possibility is that due to the absence of sulphate (SO4) 
ions in the water, the pyrite could not be formed at the time of phosphatization. The 
minor content of copper may be due to mutual ionic substitution of divalent Cu'2 by 
Fei2 and Mg+2 during oxidizing conditions of the basin. The higher concentration of 
copper in a few samples of the phosphorites may he due to insoluble nature of this 
metal and copper might have been introduced during the processes of leaching and 
weathering of the ores as also discussed by Roonwal and Kumar, (1987); Chosh, 
(1988); Singh, (1988). 
The presence of Cu in phosphorites is due to adsorption of Cu on the apatite 
crystal surface during diagenesis or by virtue of their affinity for certain associated 
elements (Saigal and Banetjec, 1987). Cu-Ca plot shows a linear relationship in all the 
inter-columnar carbonates but the Cu plots against P205 showed a widely scattered 
distribution pattern (Banerjee et al., 1984). The plot of Cu, Cr and extractable F in the 
sediments with the extractable P show a positive relationship and indicate that all 
these elements have a common source. namely, the phosphate mineral phase in the 
alluvial sediment sink in the Doon valley (Singh and Subramanian. 1988). 
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Phosphorus and copper have significant positive correlation with organic 
matter, pointing towards certain contribution to the enrichment of these elements in 
the depositional environment (Al-Bassam et al., 1983). Cu might have replaced Ca to 
some extent in the apatite lattice or it may he present as an adsorptive clement. 
In the study area, no correlation is obtained between Cu and P,05 in the 
phosphorites and associated rocks (Fig. 6.3c and 6.4c). No significant relationship 
may be due to leaching/mild weathering of the ore, in which the part of Cu might 
have been lost during diagenesis (Saigal and Banerjee, 1987; Singh and 
Subramainam, 1988). 
Cu-MgO plots show weak negative correlation in phosphorites and positive 
correlation in associated rocks (Fig. 6.5h and 6.6b) indicating ionic substitution 
between Cu'z and Mg'". This indicates that copper replaces magnesium. The 
concentration of Cu in phosphate is due to algal matter. This possibility has also been 
reported by Verona (1978), but other workers believe that the concentration of copper 
in sediments associated with blue green algae may possibly be due to similar physico-
chemical conditions at the time of their concentration. 
In the study area. Cu shows positive correlation with CaO in phosphorites 
(Fig. 6.5c), but no significant correlation with CaO in associated rocks (Fig. 6.6c). Cu 
might have been absorbed in the early stage of phosphatization of apatite minerals in 
their structure or later on adsorbed on the crystal surfaces of apatite, iron and clay 
bearing minerals during diagenesis of the primary ores as discussed by Saigal and 
Hanerjee, (1987). 
6.2.4 NICKEL (Ni) 
Geochemically, Ni is a siderophile clement and its bulk is found in metallic 
iron. In acid igneous rocks, Ni is less enriched than in basic and ultra basic rocks. 
Nickel inspite of its low concentration in phosphorites behaves almost like vanadium. 
It is, however, a less evident substitute in apatite which may explain its lower 
concentration. Its concentration increases when phosphorites contain glauconites and 
iron oxides (Debrabant and Paquet- 1975: Saigal and Ranerjee. 1987)_ 
The concentration of Ni in phosphorites has been reported by many earlier 
investigators. It fluctuated between 14-43 ppm (Israili and Khan. 1980): 14-32 ppm 
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(Rao. 1984);19-45ppm (Rao et al., 2002); 15-84 ppm (Stamatakis, 2004); 17-22 ppm 
(A1-Hwaiti et al., 2005); 35-40 ppm (Rao et al.- 2008); 41-80 ppm (Adesanwo et al., 
2009)', 3-33 ppm (Imamoglu et al., 2009); 22-70 ppm (Kharin. 2009). The studies 
carried out by Krauskopf (1955); Crulbrandsen (1966); Altschuler, (1980) indicate 
that in phosphorites the Ni content ranges from 4 to 200 ppm; 100 ppm and 53 ppm 
respectively. The present study indicates that Ni ranges from 23.81 to 78.51, 23.67 to 
71.61, 21.02 to 39.20, 7.16 to 10.08 and 2.11 to 4.79 in phosphorites, dolomitic 
limestone, shale, ferruginous sandstone and quartzites respectively (Table 6.3). The 
relative abundance and average concentration trends of Ni in phosphorites and 
associated rocks have been shown in Fig. 6.1 and 6.2 respectively. The higher 
concentration of Ni in phosphorites and dolomite limestones may be due to chemical 
affinity with iron and/or due to mutual ionic substitution of trace elements during high 
oxidizing marine conditions of the basinal waters, It may be possible that like V. Ni 
was also adsorbed in the ferruginous minerals, clayey masses and phosphatic and 
siliceous gels. It might have also been introduced during the sedimentation processes 
which formed complex geochemistry of the sediments. It is also suggested that the 
minor content of Ni may be located on the outside of the apatite crystal lattices 
(collophane and crandallite) (Cook, 1972, Howard and Hough, 1979; Proshlayakova 
et al., 1987; Roonwal and Kumar, 1987). 
In the study area Ni-P205  plots show a weak positive correlation in 
phosphorite samples and strong positive correlation in associated rocks (Fig. 6.3d and 
6.4d), which may be due to iron oxides and adsorption of Ni in the phosphorite gels. It 
is, however, less substitutes in apatite that may explain its lower concentration. The 
observations are in conformity with the findings of Khan and Khaki (2008); Khan et 
al. (2012a). The phosphatization took place during the deposition of "Iron Formation' 
with which Ni has close chemical affinity. On the other hand no correlation may he 
due to leaching/weathering of the ores, due to which Ni concentration decreased and 
the phosphate contents increased (Lucas et al., 1978; Saigal and Banerjee, 1987). Ni-
Cr plots show positive correlation in the samples of phosphorites and in associated 
rocks indicating an increase of Cr concentration with the increase of Ni (Fig. 6.7a and 
6.8a), The progressi'-e positive relationship bet "een Ni and Cr supports the elements 
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Fig. 6.3. Scatter diagrams showing mutual relationship of Pb, Zn, Cu, Ni, Co and Sr with P205 
in the phosphorites of the Lalitpur district. 
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Fig. 6.4. Scatter diagrams showing mutual relationship of Pb, Zn, Cu, Ni, Co and Sr with P205 
in the associated rocks of the Lalitpur district. 
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Saigal and Banerjee (1987). The positive correlation between Ni with Co in 
phosphorite samples (Fig. 6.7b) and negative correlation in associated rocks (Fig. 
6.8h) of the study area supported that the ionic radii of Co differ from those of 
phosphorus and it is not so easy to accommodate Co in the apatite structure. The weak 
relationship between these elements also indicates that adsorption by means oihigher 
content of iron and clay and elemental group associations in these phosphorites. This 
relationship also indicates the formation of phosphatic sediments in the 'red bed' 
environments (Gulb-andsen, 1966; Saigal and Banerjcc, 1987). In the study area, Ni-
Cu plot shows weak negative correlation in phosphorite samples and positive 
correlation in associated rocks (Fig. 6.7c and 6.8c). The positive correlation 
supporting the trace element group association in the marine sediments. It is also 
suggested by (Krauskopf, 1955; (Julbrandsen, 1966; Saigal and Banerjee, 1987) that 
these elements in the phosphorites may occur as 'traped ions'. 
6.2.5 COBALT (Co) 
Geochemically, the Co being a siderophile element and a member of iron 
family, closely related to nickel. The ionic radius of Co (0.74 A) is more or less 
identical to those of Ni`` (0.72 A), and Fez*  (0.76 A). Generally, the concentration of 
Co in phosphorites is low, as reported by the earlier workers. According to Altschuler, 
(1980) 7.0 ppm average phosphorites; 3-8 ppm (Rao, 1984); detectable limit to 7.0 
ppm (Rao et al., 2002); 3-4 ppm (Al-Hwaiti et al., 2005); 4-12.9 ppm in marine 
phosphorites and 3.5-35.0 ppm in lacustrine phosphorite deposits (Stamatakis, 2004); 
1.2-7.2 ppm (Rao et al., 2008); 5-40 ppm (Kharin, 2009). Krauskopf (1955) reported 
Co from 2 to 50 ppm and Gulbrandsen (1966) up to 50 ppm in the Phosphoria 
Formation. 
Despite the fact that pelletal phosphorites are rich in Ba, Co, Mn, V. Y, La and 
Pb in comparison to stromalolitie phosphorites, but they do not show any definite 
relationship with P205, indicating their association either with other minor mineral 
phases which are abundant in these phosphorites or they are adsorbed on the apatitic 
surfaces (Banerjee et al., 1984; Saigal and Banerjee, 1987; Banerjee and Saigal. 
198811. 
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The concentration of Co in Lalitpur phosphorites ranges from 7.80 to 170.61 
ppm. The associated rocks have concentration of Co element from 5.61 to 36.92; 4.30 
to 25.00: 133.28 to 207.74 and 63.16 to 155.83 in dolomitic limestone, shale. 
ferruginous sandstone and quartzites respectively (Table 6.3). The relative abundance 
and concentration trends of Co in phosphorites and associated rock samples of 
Laiitpur district is represented in Fig. 6.1 and 6.2. the Co shows weak negative 
relationship with P205 in phosphorites and strong negative correlation in associated 
rocks (Fig. 6.3e and 6.4e). The negative correlation between the two may be due to 
weathering of the ores in which the Co metal might have been redistributed within the 
sediment groups or partly lost during diagenesis. Co shows positive relationship with 
Fe,O3 in all samples of phosphorites and associated rocks (Fig. 6.5d and 6.6d) 
respectively, suggesting the adsorption of Co by the crvptocrystalline masses of 
hematite-magnetite, goethite. iron-oxides and ferruginous cement and clay minerals 
during primary and secondary stages of phosphatization in the shallower marine parts 
of the basin of deposition. The relationship between Co and Cr is positive in 
phosphorite samples (Fig. 6.7d) and negative in associated rocks (Fig. 6.8d). 
6.2.6 STRONTIUM (Sr) 
Strontium is a lithophile element and occurs as oxysalts in residual sediments. 
The distribution of Sr in minerals, rocks, sediments and water is affected to a certain 
extent by the presence of calcium, which has an ionic radius (0.99 A), very close to 
that of strontium (1.12 A). Sr is usually found in large amounts in calcium-rich 
minerals and to a tosser extent in potassium-rich minerals. This phenomenon is 
explained by Goldschmidt's `admittance theory, which says that Sr'- is 'admittance' 
into the smaller calcium lattice but is "entrapped" in the potassium lattice which has a 
larger radius (1.33 A). The evaporate sediments are comparatively rich in strontium 
and the entrance of strontium into the minerals of marine salt sediments seems to be 
regulated by the calcium content of these minerals, Sr in the crystallization from these 
aqueous solutions replacing exclusively the calcium ions, not potassium 
(Goldschmidc 1958). During weathering, strontium is quickly lost to the apatite 
lattice (Lucas et al.. 1980) and even to the phosphorites. 
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The concentration of Sr in phosphorites has been reported by many earlier 
workers. Its average range is 750 ppm (Altschuler. 1980): 8.0-378 ppm (Israili and 
Khan. 1980): 104-253 ppm (Rao. 1984): 500-1755 ppm (Rao et al.. 2002): 626-1540 
ppm (Stamatakis. 2004): 272-316 ppm (A1-IIwaiti et al.. 2005): 2010-2150 ppm (Rao 
et al.. 2008): 502-1413 ppm (Adesanwo et al.. 2009): 30-1540 (Intamoglu et al., 
2009). According to Pitawala et al. (2003) and Krauskopf (1955). the concentration of 
Sr in carbonate rocks ranges from 2960-6819 ppm and 400-800 ppm. Calvert and 
Price (1983) have reported Sr concentration is as high as 2410 ppm in Namibian shelf 
sediments: the high values are attributed to formaniferal calcite and/or substitution of 
Sr by Ca in the carbonate fluorapatite lattice. 
The Lalitpur phosphorites show remarkably lows concentration of Sr (4.79-
172.98 ppm). which is also true for phosphorites, while high Sr (ay. 700 ppm) is 
typical of unweathered phosphorites (Prevot. 1990). High Sr values have also been 
reported in other Indian Proterozoic, except in Bijawar phosphorite of Hirapur (M.P). 
Sr deficiency in Bijawar phosphorites has been attributed to weathering and leaching 
(Saigal and Banerjee. 1987). Same is the case with Lalitpur phosphorites, which is 
also supported by Khan and Mukherjee. (1993). The low concentration of Sr in 
phosphorites is due to diagenetic alteration (Rao. 1984). 
According to Zanin and Zamirailova (2007), the Sr and Ba concentration 
ranges from 5-7 ppm for the phosphorites formed after endogenous rocks and 24-26 
ppm for the phosphorites related to sedimentary rocks. Bliskoviskii (1983) reported 
that the Sr concentration of weathering-related continental phosphorites varies from 
80-400 ppm. The Sr concentration should reach 3600 ppm in marine phosphorites 
which is unaffected by catagenesis and weathering. but normally the concentration 
reaches 2300-2500 ppm (Bliskoviskii. 1983. Jarvis, 1992). These values are 
significantly higher than that of Supergene phosphorites (Zanin and Zamirailova, 
2007) and also Lalitpur phosphorites. According to Banerjee et al. (1984), Sr is fixed 
to the apatite lattice directly from the sea water during the early biochemical 
precipitation. \\here the concentration of Sr is invariably related to biological 
activities leading to its fixation on the micro-organisms. Comparatively low Sr values 
in the Precambrian phosphorites suggest lo\%er concentration of Sr in the Precambrian 
marine waters (Khan et al.. 2012a). The samples of the stud • area show Sr ranging 
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Fig. 6.6. Scatter diagrams indicating the geochimical relationship between major oxides and 
trace ekmetus (CaO-Zn, MgO-Cu, CaO-Cu, Fe203-Co, CaO-Sr, A1203-Cr, CaO-Cr 
and Fe203-Cr) in associated rocks of the Lalitpur district. 
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from 4.79 to 172.98 ppm in phosphorites; 39.29 to 72.49 ppm in dolomitic limestone; 
53.80 to 86.72 ppm in shale; 25.35 to 35.22 ppm in ferruginous sandstone and 4.90 to 
24.63 ppm in quomites (Table 6.3). The relative abundance and concentration trends 
of Sr in phosphorites and associated rock samples of Lalitpur district is plotted in Fig. 
6.1 and 6.2 respectively. 
The positive correlation between Sr and P205 is observed in phosphorites of 
Gangolihat, Pittorgarh (lsrailli and Khan. 1980) and Precambrian phosphorites of 
Udaipur, Rajasthan (Rao, 1984). Howard and Hough (1979) also found the positive 
correlation between Sr with apatites. 
Positive relationship exists between Sr and P205  in all phosphorite and 
associated rocks (Fig. 6.3f and 6.41) in the study area suggesting that the Sr is 
preferentially associated with the apatite. The above statement is also supported by 
Rao et al. (2002); Khan et al. (2012a). It is inferred that the concentration of Sr 
increases with the increase of PZO;. I he increasing content of Sr could be due to the 
isomorphous replacement of Ca by Sr in the phosphate minerals and also possibly due 
to the formation of supergene strontium phosphates. Sr-CaO plots (Fig. 6.5e) show 
progressive positive correlation in phosphate samples and weak positive correlation in 
associated rocks (Fig. 6.6e). The strong positive correlation of Sr with CaO in 
phosphorite samples suggests that the Sr is associated more strongly with calcite than 
in associated rocks. The findings are in accordance with the observations of Rao et al. 
(2002); Khan et al. (2012a). The relationship between Sr and CaO in phosphorites 
suggests that the Sr is incorporated into the carbonate fluorapatite structure at the time 
of its formation and remains fixed during any post-depositional alteration (Price and 
Calvert, 1978). In the light of above findings, it may be inferred that the positive 
relationship of Sr with P,O, and CaO in case of phosphorites of the study area 
indicates that Sr was incorporated in the carbonate apatite structure at the time of its 
formation. The identical chemical properties and ionic radii between Sr and Ca"2 
also suggest the mutual ionic substitution of these two elements in the phosphate 
structure. The positive correlation of Sr with P,O; and CaO has also been reported 
and discussed b}' Abed and Abdalla, (1998): Abed and Amireh t1999). The positive 
correlation of Sr (0.632) has also been recorded in other marine phosphorites (Pre%of 
and Lucas. 1980; .Altschuler, 1980), although Batmin (1982) noted that Sr is tvpicalh 
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depleted in seantount phosphorites. The source of Sr does not pose a problem, as it is 
readily available from seawater or from dissolution/replacement of aragonitic skeletal 
material (Arvidson et al.. 1991). 
Positive correlations of Y and Sr (Fig. 6.7e and 6.8e) in these rocks suggest 
that seawater itself may be the primary source of phosphorous, as opposed to release 
from other solid phases within the sediment during diagenesis, (Arvidson et al.. 1991). 
The association of Y has also been noted for marine apatites as a class by Altschuler 
(1980), who argues that the enrichment in Y and depletion in Ce reflect precipitation 
or fixation from seawater. 
6.2.7 CHROMIUM (Cr) 
Chromium occurs in nature principally as the trivalent ion Cr'3 with a radius 
of 0.64 A. Because of the identical chemical proportions, ionic size and ionic charge, 
Cr can readily substitute for Fe* (0.67A) and Al" (0.58A). Cr is usually concentrated 
in resistates and hydrolysates. The chromium bearing silicates release chromium 
which is incorporated into shales and schists. Chromium (Cr) is positively associated 
with clay minerals which determine the stability of the primary assemblages in the 
supergene enrichment subsequent to deposition and uplift (Kban and Khanki. 2008), 
Mason (1966) suggested that Cr usually behaves as a highly lithophile element. 
During disintegration and weathering of rocks. Cr 3 have little mobility and its 
behavior is similar to that of Fe 3. Cr, Pb, Sc, Y and all lanthanides, though relatively 
depleted in sea water, are enriched in phosphorites (Tooms et al., 1969) and soils 
(Reedman, 1984). Frohlick (1960) proposed that Cr in the modern sediments is 
concentrated in the clay minerals and micas, while Prevot and Lucas (1980) proposed 
that Cr is primarily carried away by the apatites and is fixed in clays. 
Many previous workers have reported varying concentration of chromium in 
phosphorites as 30-400 ppm (Krauskopf, 1955); 1000 ppm (Gulbrandsen, 1966); 125 
ppm (Altschuler, 1980); 20-165 ppm (israili and Khan, 1980); 35-146 ppm (Rao, 
1984); 28-164 ppm (Rao et al, 2002); 57-91 ppm (Al-Hwaiti et al., 2005); 6-98 ppm 
(Stamaiakis. 2004); 39-36 ppm (Rao et al., 2008); 298-1365 ppm (Adesanveo et al.. 
2009); 14-290 ppm (lmamoglu, 2009): 68-99 ppm (Kharin, 2009) In carbonate rocks. 
as reported by Rankama and Sahama (1950) is 2 ppm; Krauskopf (1955), 5ppm; 
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Runnels and Schleicher (1956), 2 ppm. The highest average Cr content was ('ound in 
the hypergene phosphorites related to weathered sedimentary rocks (25.84 ppm), at 
minimum and maximum contents of 5 and 86 ppm, respectively. [he Cr content of 
the supergene phosphorites from the areas of weathered endogenous rocks averages 
5.38 ppm with the range between 5 to 8 ppm (Zanin and Zamirailova, 2007). 
Chromium content in Lalitpur phosphorite ranges from 37.41 to 64.57 ppm 
(Table 6.3). In associated shale, it ranges from 139.33 to 351.30 ppm, which is quite 
high as compared to dolomitic limestone, ferruginous sandstone, and quartzite where 
it varies from 28.88 to 71.91 ppm; 3.64 to 4.01 ppm; 6.12 to 7.36 ppm respectively 
(Table 6.3). The relative abundance and concentration trends of Cr in phosphorites 
and associated rocks are shown in Fig. 6.1 and 6.2 respectively. 
Cr shows no significant correlation with P205  in phosphorites (Fig. 6.9a) and 
associated rocks (Fig. 6.10a). It is, therefore, possible that Cr is preferentially 
associated with the elements related to phosphate minerals as apatites (Rao, 1984). 
The bright red colour of the phosphorites may be due to the presence of Cr203. This 
relationship supported the chemical affinity with V-Ni-Cr-Zn associations in the clay 
minerals. The mild weathering of ores might have redistributed within the sediments 
packages. The very high concentrations of iron and phosphate may entrap some Cr. 
On a minor scale Cr'6 might have been replaced by P'- in the sedimentary basin at the 
time of diagenesis (Prevot and Lucas, 1980; Saigal and Banerjee, 1987). 
Cr does not show any significant relationship with A1203 in phosphorites 
however, strong positive correlation of these elements is shown in associated rocks 
(Fig. 6.5f and 6.61) respectively. The insignificant relationship between Cr and AI2O1 
in phosphorites suggests mutual substitution of Ca+3 and AI" as mentioned earlier. 
Higher concentration of Cr also supports the observations of Mason (1966); Roonwal 
and Kumar (1987) that the behavior of Cr*  is quite similar to that of Al and Fes in 
the phosphorite deposits. The low concentration of Cr+3 is because of less mobile 
nature of this element after disintegration and weathering of the rocks. The positive 
correlation of Cr with AI203 (Pig. 6.6f) in associated rocks reveals the close affinity of 
Cr to clay minerals. The higher value of Cr in associated rocks as compared to 
phosphorite rocks is also due to the abundance of clay minerals in these rocks as also 
supported by Khan and Mukherjee, (1993). Cr shows negative correlation with CaO 
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Fig. 6.7. Scatter diagrams indicating geochemical relationship among trace elements (Cr-Ni, 
Co-Ni, Cu-Ni, Cr-Co, Sr-Y, V-Cr, V-Co and Sr-Ba) In phosphorites of the Lalitpur 
district. 
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in all the rock types (Fig. 6.5g and 6.6g). This relationship may possibly be due to 
minor substitution of P' by Cr in the apatite lattice. The random and scattered 
distribution of Cr values with CaO content ma \ he due to lateralization of the ores 
during diagenesis (Croft. 1966). The weak positive correlation between Cr and Fe(); 
is observed in phosphorite samples and negative correlation in associated rocks (Fig. 
6.5h and 6.6h) respectively. The positive relationship may be due to replacement of 
Fe-3 by Cr-3 in the basinal marine environment in which oxidizing conditions 
prevailed. Later on the Cr" concentration was fixed on the clay and iron-bearing 
minerals at the time of precipitation of the primary ores thereby increasing the Cr 
content in these sediments (I3liskovskiy . 1969: Proshlayakova et al., 1987). 
6.2.8 VANADIUM (V) 
Vanadium is a lithophile element which occurs in three stable oxidation states 
in igneous rocks viz., trivalent, quadrivalent and quinquevalent states. In sedimentary 
rocks, it occurs in quinquevalent state. Vanadium seems to have been released in 
course of weathering of igneous rocks and subsequently due to immobility of V(OH)3. 
The V content of phosphorites related to the weathering of endogenous rocks 
ranges in a narrower range of 26-82 ppm. The V content of marine phosphorites 
varies from 7 to 300 ppm (Altschuler, 1980) and from 10 to 1200 ppm (Bliskovskii, 
1983). The average V contents in all the distinguished types of supergene 
phosphorites are lower than 100 ppm (Zanin and Zamirailova, 2007). Vanadium is 
highly variable in phosphorites and carbonate rocks. The concentration of V has been 
reported by many earlier workers. It varies from 20-365 ppm (Israili and Khan, 1980); 
36-121 ppm (Rao. 1984); 09-96 ppm (Rao et al., 2002); 8-14 ppm in marine 
phosphorites and 33-118 ppm in lacustrine phosphotires (Stamatakis, 2004); 63-87 
ppm (Al-Hwaiti et al., 2005); 52-156 ppm (Rao et al., 2008): traces to 525 ppm 
(Adesanwo, 2009); traces to 120 ppm (Imamoglu, 2009); 20-50 ppm (Kharin, 2009). 
According to Pitawala et al. (2003). the concentration of V in carbonate rocks is 1-8 
ppm. l he threshold value of vanadium in Phosphoria l ormation of Montana. 
\1 yoniin and 1'tah (1. S:A! vva• Idund to he 300 ppm (Gulbrandsen. 1966). The 
concentration of V in Lalitpur phosphorites ranges from 4.75 to75.18 ppm. whereas in 
associated rocks like dolomitic limestone, shale. ferruginous sandstone and quartzite. 
l O 
it ranges from 10.47 to 53.37 ppm: 41.37 to 586.42 ppm: 42.15 ppm to 42.28 ppm and 
1.75 to 4.93 ppm respectively (Table 6.3). Phosphorite, dolomitic limestone. 
ferruginous sandstone and quartzite show low concentration of V as compared to 
shale. The concentration cif \' in phosphorites is lower than that of' other phosphorites 
of' the world. 'l'he relative abundance and concentration trends of V in phosphorites 
and associated rocks of' Lalitpur district is represented in Fig. 6.1 and 6.2 respectively. 
The poor concentration of V in the phosphorites may be due to weathering and 
or leaching of V from the ores by circulating groundwater action or poor supply of the 
vanadium from the source rocks or improper mutual substitution of pentavalent ions 
of phosphorus (P') by vanadium (V) or adsorptions of' vanadium content by 
uranium in the ferruginous concentrations, phosphatic colloids and clay minerals in 
the oxidizing to reducing shallow marine conditions of the basin (Banerjee and Saigal. 
1988; Khan et al., 2012c). The presence of V in phosphorites may be due to chemical 
affinity with P205. It is possible that the vanadium accumulation in bituminous 
sediments is effectively controlled not only by the primary vanadium content of 
organic matter, but also by the reducing character of the environment (Wedepohl, 
1974). Vanadium is produced from phosphates as a by-product in the western U.S. 
In the study area. V shows weak negative relationship with P205 in 
phosphorites (Fig. 6.9b) and negative correlation in associated rocks (Fig. 6.1Ob). The 
same relationship was also observed by Khan and Israili (2005); Israilli and Khan 
(1980): Khan et al. (2012a): Khan et al. (2012c). The negative relationship supported 
the mutual pentavalent ionic substitution of P'5 by V" in the apatite lattices. The 
negative correlation between P2O; with V. may be due to replacement of P by 
Vanadium, as in apatite, V'' (0.40A) may replace P'' (0.35 A) (Siddiquie, 2001). The 
presence of V in the phosphorites may be due to chemical affinity with P205 and 
adsorption by clay minerals. The insignificant relationship of PZO; with V indicates 
the adsorption on the apatite surface (Cook, 1972; Banerjee and Saigal, 1988), 
suggesting paucity of organic matter in the phosphorites of the study area, which is 
also supported by Krauskopf (1955): Gulbrandsen (1966). V shows positive 
correlation with Cr and :~1,0., in the samples of phosphorites and associated rocks 
(Fig. 6.7f and 6.8f: 6.11 a and 6.12a). This behavior sho%'.s close affinity of V with 
these elements which may be adsorbed by iron oxides and clayey fine Brained 
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minerals during phosphatization as Cr is closely associated with Fe. The positive 
correlation between V and Cr is also supported by El-Haddad and Ahmad (1991). V 
and Cr are often used as paleo-redox proxies (Jones and Manning 1994, Trihovillard 
et al. 2006: Imamoglu et al.. 2009). In reducing environments these elements mainly 
occur as readily adsorbed or insoluble forms (VO 2) and Cr(OH)3) respectively. 
whereas in oxic porewaters, they form soluble ions (VO1- or VO4-3 and Cr024) 
susceptible to escape from bottom sediments back to the overlying water column. The 
very low V/Cr ratios (ND-1.46) in the phosphorites and the high concentration of 
V/Cr (ND to 11.62) in associated rocks are found in the study area (Table 6.1 and 
6.2). The above results are also related with Turkish phosphorites (Imamoglu et al., 
2009). V shows antipathetic relationship with Co in the phosphorites and associated 
rocks of the I.alitpur district (Fig. 6.7g and 6.8g) which indicates the occurrence of 
these elements in the marine environment and adsorption by the gangue constituents 
of the phosphorites as supported by (Krauskopf. 1955; Gulbrandsen, 1966; Khan et 
al., (2012a). The V-Co antipathetic relationship also indicates that Co may be 
replaced by V during highly oxidizing conditions of the basinal sea waters Khan et al. 
(2012a). 
In the phosphorite of Lalitpur district. V shows positive correlation with CaO 
(Fig. 6.11 b), whereas in associated rocks it shows negative correlation (Fig. 6.12b), 
which may be due to mutual ionic substitution of Pis by V in the apatite structure 
before the precipitation of calc-phosphate during shallow marine oxidization 
conditions of the Bijawar basin, which is also supported by Howard and Hough 
(1979). V is negatively correlated with Si02 in all the samples of the Lalitpur district 
(Fig. 6.11 c and 6.12c). The removal of Si02 by PO4 within the basin might have 
responsible for increasing the concentration of vanadium during high oxidizing 
marine conditions of the Bijawar basin. Vanadium might have replaced P-` during 
primary and secondary phosphatization processes. 
6.2.9 RUBIDll-,M (Rb) 
Rb is a lithophile element and its geochemistry is dominated h% its eaten i\ e 
diadochic relation with potassium (K). I he behavior of rubidium in sedimentar% 
processes is controlled largely by adsorption on clay minerals. Of all alkali metals. 
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rubidium has the highest tendency to interstitial capture and is adsorbed more readily 
than potassium (Goldschmidt. 1937). As a result of this tendency of quick adsorption 
and particle inclusion of rubidium in the crystal lattices of clays, the bulk of this 
element is released during the weathering of igneous and metamorphic rocks. 
Rubidium is probably related to the potassium feldspars contained in the clayey 
diatomite (Stamatakis, 2004). 
The concentration of Rb is low in most of the phosphorite deposits. Many 
previous workers have studied and reported the concentration of Rb in phosphorites. 
It varied from 10-43 ppm (Israili and Khan. 1980): 1.0-24 ppm (Rao. 1984); 13-28 
ppm (Rao. et al.. 2002): 1.6-32.2 ppm in marine phosphorites and 6.5-74.2 ppm in 
lacustrine phosphorites (Stamatakis. 2004): 0.7-5.7 ppm (Rao et al., 2008); 3.0-4.0 
ppm (Adesanwo et al.. 2009). According to Wedepohl (1970), the abundance of Rb in 
silty limestone varies from 6.0-167 ppm and in shales, 20-663 ppm: Pitawala et al. 
(2003) reported 0.2-0.6 ppm in carbonate rocks. In Lalitpur phosphorites. Rb content 
ranges from 0.25 to 31.35 ppm. Associated rocks show variable concentration of Rb, 
2.19 to 5.15 ppm in dolomitic limestones, 32.57 to 321.16 ppm in shale; 2.19 to 7.40 
ppm in ferruginous sandstone and 0.71 to 1.74 ppm in quartzites (Table 6.3). The 
relative abundance and concentration trends of Sr in phosphorites and associated rock 
samples of Lalitpur district is represented in Fig. 6.1 and 6.2 respectively. 
Very low concentration of Rh in the phosphorites of the study area indicates 
non-coherence of Rb with the elements related to apatite whereas a moderately high 
concentration in shale may, be due to the adsorption of Rh by clay minerals. Rb does 
not show any significant relationship with P205 in the phosphorites and associated 
rocks of Lalitpur area (Fig. 6.9c and 6.10c) respectively, which may be due to the 
adsorption of Rb by clay minerals. The same thing has been reported by Rao (1984) 
from Precambrian phosphorites of the Udaipur. 
6.2.10 BARIUM (Ba) 
Geochemistry of barium in igneous and metamorphic rocks is characterized to 
a large extent by its ability to substitute for K ion. A similar diadochic relationship 
commonly exists between lead and barium. Barium does not substitute for calcium in 
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significant quantities. because the size difference in their ionic radii is too large. 
Barium also resembles strontium. 
Wide variation in the concentration of barium has been reported by mane 
workers. Its concentration varied between 20-230 ppm (Israili and Khan. 1980): 445-
10181 ppm (MMiazumdar et al.. 1999): 197-256 ppm (AI-liwaiti et al.. 2005): 136-890 
ppm (Adesanwo et al., 2009): 10-1050 ppm (lmamoglu et al.. 2009). According to 
Pitawala et al. (2003). the concentration of Ba in carbonate rocks ranges from 66.6-
685 ppm. Zanin and Zamirailova (2007) reported average concentration of 245.6 ppm 
in sedimentary rocks: 918 ppm in endogenous rocks: 2300-3000 ppm in marine 
phosphorites unaffected by catagenesis and weathering. 
Barium and sulphur show high concentration in the phosphates of Heraklion 
and Vegora. suggesting the presence of barium-rich mineral inclusions in the 
phosphatic groundmass (Stamatakis, 2004). As barite is related to biogenic 
components. it is suggested that barium in the form of barite/or witherite was 
absorbed by planktonic organisms from seawater and sunk down on sea bottoms. Ba 
follows a dissolution-migration-redeposition path, forming a biochemical sedimentary 
deposit along with phosphates (Gao-Huaizhong, 1998, Stamatakis, 2004), but in the 
Lalitpur phosphorites. the Ba concentration is lower than that of other localities 
reported by the above investigators. but related with dolomitic phosphorites. 
Pittorgarh. India (20-230 ppm). Israili and Khan (1980). In the present area of 
investigation, Ba varies from 12.15 ppm to 288.99 pptn in phosphorites. In associated 
rocks, dolomitic limestone has almost equivalent concentration (25.41 to 212.19 ppm) 
as in phosphorites, but ferruginous sandstone and quartzites have low concentration of 
Ba as 47.04 to 113.46 ppm and 18.35 to 51.24 ppm respectively. Shale has higher 
concentration of Ba. i.e., 222.61 to 839.06 ppm (Table 6.3). The relative abundance of 
Ba and Sr presented in Fig. 6.1 and 6.2, indicates almost a similar pattern of variation 
in phosphorites. It suggests resemblance of Ba with Sr from the point of view of their 
distribution and geochemical behavior. Ba and Sr show a progressive positive 
correlation in all phosphorites and associated rocks (Fig. 6.7h and 6.8h). The 
sympathetic relationship indicates close affinity of Ba for Sr. Ba does not show any 
correlation with PO in phosphorites and associated rocks (Fig. 6.9d and 6.10d). This 
is also supported by the (Khan and Israili. 2005). 
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6.2.11 URANIUM (U) 
Phosphorites are characterized by a high U concentration. Phosphorites were 
considered a source of radioactive materials and the U behavior therein discussed in 
several publications (Altschuler. 1980: Ilia and Volkov. 1994: Sokolov. 1996: Zanin 
et al.. 2000a: Baturin and Kochenov. 2001). U in phosphorites has been found to 
occur in mixed oxidation states. i.e. both tetravalent and hexavalent (Kolodny and 
Kaplan. 1970; Burnett. 1974: Avital et al., 1983). U is kno\%n to be incorporated in the 
(TA lattice (Kolodm and Kaplan, 1970; Jarvis et al.. 1994; Arning et al.. 2009). 
\%hich would consequently lead to an enrichment of U in phosphorites formed under 
suboxic conditions. 
The concentration of U in phosphorites has been reported and defined by 
man, earlier workers as 50-80 ppm (Rao. 1984). 2.0-194 ppm (Rao et al.. 2002); 
Traces to 0.1 ppm (Pitawala et al.. 2003): 6.2-139.5 ppm (Staniatakis. 2004): 23-42 
ppm (.AI-JJwaiti. 2005): 43.6-103 ppm (Rao et al., 2008): 15-29 ppm (Adesanwo et 
al.. 2009): 0.9-75 ppm (Imarnoglu. 2009). Most Precambrian (26 ppm) and Cambrian 
phosphorites (16 ppm). which are observed as microgranular and vaguely granular 
varieties, have a Icy\\ 1! concentration (Raturin and Kochenov. 2001). The 
geochemical environment of deposition and sources of phosphorite-hosted uranium is 
an essential issue. Although there are various models of phosphate deposition. many 
researchers assume that the priman formation of phosphorites and uranium 
accumulation therein occurred in a reductive medium (Burnett and Veeh. 1977: 
Kholodov and Paul. 1995: Baturin and Kochenov. 2001). 
In the study area. L! is an important trace element, whose content in the 
phosphorite samples ranges from 1.67 to 129.67 ppm. In associated rocks, the 
concentration of L' varies from 0.48 to 2.99) ppm. 2.76 to 14.69 ppm, 1.62 to 100.41 
ppm and 0.21 to 6.83 ppm in dolomitic limestone, shale. ferruginous sandstone and 
quartzites respectively (Table 6.3). -l'he lo%% concentration of U in kw samples of the 
studs area has also been noted than other phosphorite deposits of' the world. the 
reason for lov, U content in phosphorites is due to renio at from the crystal lattice of 
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Fig. 6.11. Scatter diagrams indicating the geochimical relationship between major oxides and 
trace elemetns (A1203-V, CaO-V, SiO2-V, CaO-U, SiOZ-U, K20-U and Fe203-U) in 
phosporites of the Lalitpur district. 
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Flg. 6.12. Scatter diagrams indicating the geochimical relationship between major oxides and 
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associated rocks of the Lalitpur district. 
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carbonate-apatite during catagenesis (Zanin et al., 2000. Zanin and Zamirailova, 
2007). The relative abundance and concentration trends of U in phosphorites and 
associated rock samples of Lalitpur district is represented in Fig. 6.1 and 6.2 
respectively. 
Sedimentary phosphate deposits typically have a positive correlation between 
uranium and phosphate concentrations (Lucas and Abbas, 1989: Follmi, 1996; 
Brookfield et al., 2009). In the study area, the relationship of P205 versus U is positive 
in phosphorites. whereas negative in associated rocks (Fig. 6.9e and 6.10e) 
respectively. The same correlation has also been reported by Brookfield ei al. (2009) 
in the sedimentary phosphorites of the Napo Formation and Soudry et al. (2002) for 
Negev phosphorites (southern Israel) indicating that most of the U fraction seems to 
be held by the francolite phase, as suggested by the good correlation between U 
content and P2O5 wt%. This relationship suggests following significant informations 
regarding the precipitation and formation of Proterozoic phosphorites: (i) the 
phosphorus system has a better chemical affinity with uranium in which divalent Ca" 
followed by many divalent ions with U+6 in the apatite crystal lattices, (ii) possibility 
of fairly oxidizing to slightly reducing conditions as also supported by little evidence 
of organic matter, (iii) co-precipitation of phosphorus and uranium in the sedimentary 
depositional environment in which the Eh and pH of the basinal waters were almost 
same, (iv) the deposition took place in the low lying and stable areas in which the 
influx of the clastic material was small in the shallow marine conditions, (v) the 
adsorption of uranium may be on the surface of apatite, ferruginous and clayey 
minerals by diagenetic processes, (vi) the reduction of U° to U" may have taken 
place due to the presence of cryptocrystalline clay minerals, (vii) the uranium is 
associated with phosphatic content and other gangue minerals by secondary 
enrichment processes and this may be released to minor unconformities or diastem in 
the area, (viii) the occurrences of uraniferous phosphatic rocks in the ferruginated 
zone indicated the oxidizing conditions of the basin, (ix) the uranium might have 
leached. remobilized and reprecipitated by episodes of mild weathering in these area. 
The above findings have also been reported bN the prev bus in%estieators (MeKehe, 
and Nelson. 1950: Goldschmidt. 1954: McKelvey and Carls«ell. 1956: Swanson. 
196Q Mason. 1966: Elliot. 1968: Nathan and Shilloni. 1976: Pettijolm. 1975: Slansk}. 
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1979: Starinsk et al.. 1982). The positive correlation of 11 with P-,O; and CaO 
indicates that U is associated with francolite (Dabous. 2003). This correlation also 
demonstrates clearly the affinity of U to francolite and its incorporation in the lattice 
of this mineral (Altsehuler 1980. Kolodny. 1981. Abed and Khalid, 1985, Gill and 
Shiloni. 1995. Al-H% aiti et al.. 2005).The negative correlation in associated rocks 
suggests the entrance of uranium in apatite lattice and substitution of Ca+2 as well as 
P+`. The sympathetic relationship of ti with CaO in all phosphorites (Fig. 6.11 d) and 
weak negative correlation in associated rocks (Fig. 6.12d) indicate that 
phosphatization occurred under the marine conditions during which minor 
substitution of Ca` by i1- ' was possible in the apatite structure. The enrichment of 
uranium in these phosphorites may be due to absorption on the mineral surfaces. The 
mutual ionic substitution of calcium by uranium may be due to their similar/close 
ionic charge and ionic radii (Howard and Hough, 1979; Altschuler, 1980; Banerjee et 
al.. 1982). U and Ni show negative correlation in phosphorites (Fig. 6.13a) and in 
associated rocks like dolomitic limestone, shale, ferruginous sandstone and quartzite, 
they show negative correlation (Fig. 6.14a), which may be due to mutual ionic 
substitution during high oxidizing marine conditions of the basin before the 
precipitation of apatite (Debrabant and Paquet. 1975; Lucas et al., 1978). There is a 
little evidence of organic matter in the form of laminae (Fig. 4.10) in the phosphorite 
deposits of the study area. Therefore. it may be suggested that the organisms did not 
play a major role to create a complete reducing environment during the formation of 
these sediments. The occurrences of large masses of clay and ferruginous and 
phosphatic minerals and their colloidal gels may be responsible for the adsorption of 
these trace elements. The weaker correlation between U and V in phosphorites and 
negative correlation in associated rocks (Fig. 6.13b and 6.14b) indicated that perhaps 
there was not a proper mutual substitution of these elements in the apatite crystal 
lattices during the inorganic processes of the phosphorites. Also, Cr behaves like V 
and Ni with U in the phosphorite samples. Cr shows antipathetic relationship with U 
in all the samples (Fig. 6.13c and 6.14c). The weaker negative relationship indicated 
the incomplete mutual substitution of these two elements in the apatite crystal lattices 
(Howard and Hough. 1979). The weak positive relationship between 1 ` and Cu in the 
phosphorites (Fig. 6.13d) and associated rocks (Fig. 6.14d) indicated the formation of 
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these rocks during highly oxidizing to slightly reducing, shallow marine conditions of 
the Proterozoic basin. It is also suggested that during the above geochemical 
environment of the basin, there might be mutual substitution, though on minor scale, 
of Ca'2 by Cu and of P'' by U6 in the apatite crystal lattices, The weaker 
relationship between U and Cu in the samples may be due to the leaching and lateritic 
remobilization generated by groundwater action. The weathering, remobilization and 
redeposition of these phosphorites were perhaps been responsible for the enrichment 
of seconday uranium (Verma, 1980; Al-Bassani et al., 1983.) 
The absence of correlation between U and Pb in phosphorites (Fig. 6.13e) and 
negative correlation in associated rocks like dolomitic limestone, shale, ferniginous 
sandstone and quartzites (Fig. 6.14e) supported the depositional environment 
accompanied by sedimentary processes during phosphatization. The absence of 
correlation between these elements may be due to weathering and/leaching of the ores 
by ground water action. 
In the study area, U shows strong negative correlation with Si02 in 
phosphorite (Fig. 6.11c) and weak positive correlation in associated rocks (Fig. 
6.12e). The negative relationship indicated that the SiO4 might have been replaced by 
PO4 during early stages of phosphatization in which the U04 was also replaced in the 
apatite lattices. In phosphorites. the Si02 might have been weathered by groundwater 
and sea-wave action, in which the U content increased slowly. The remobilized 
uranium might have reprecipitated at a suitable pH and Eh of the waters. The part of 
U content may be present as sorption by gangue minerals (Pric and Rose, 1981). 
In the study area, U shows weak positive correlation with KZO in phosphorites 
(Fig 6.1 If.) and weak negative correlation in associated rocks (Fig. 6.121). The weak 
positive relationship indicated partial substitution of Ca°2 by K' 'in the apatite lattice 
and also the higher alkaline conditions of the basin during phosphatization. In the 
associated rocks, the K20 content might have lost during weathering as corroborated 
to a great extent to the findings of (Howard and Hough, 1979). 
U shows negative correlation with Fe,O, in phosphorites (Fig. 6.1Ig) and 
positive correlation in associated rocks (Fig. 6.12g). The negative relationship 
indicates the high oxidation-reduction conditions of the Bijawar basin which is free 
from the su.phide minerals (pvrite, etc.). The U content might have been brought 
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Fig. 6.13. Scatter diagrams indicating geochemical relationship among trace elements (Ni-U, V-
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Fig. £14. Scatter diagrams indicating geochemical relationship among certain elements (NI-U, 
V-U, Cr-U, Cu-U and Pb-U) in associated rocks of the Lalitpur district. 
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by iron-oxides and later on fixed on the mineral surfaces of gangue minerals, 
collophane. crandallite. etc. The negative correlation of U with Fe203 has also been 
reported by Dabous (2003). 
It is suggested that: (i) uranium migration and distribution took place during 
weathering and sedimentation in the tetravalent (U'4) to hexavalent (U) stages in the 
highly oxidizing to reducing conditions of the basinal waters (Kolodny and Kaplan, 
1970, Burnett. 1974). (ii) uranium content is perhaps locked up in the iron-oxides. 
phosphatic-gels and crypto to microcrystalline masses of clay-minerals, and it may be 
due to adsorption (Graf, 1960: Cook, 1972). (iii) it may be possible that the minor 
content of uranium might have substituted with the phosphatic content during 
complex geochemical sedimentary processes (deposition, weathering, migration, 
leaching and redeposition) in the basin-sea (McConnell, 1958). (iv) collophane and 
crandallite might have fairly or highly radioactive due to uranium occurrences (Dar, 
1970). (v) it is also suggested that the uranium mineralization took place in the 
marine, shallower conditions and above the ferruginous Formation of the Bijawar 
Group in the Proterozoic basin (Mahadevan, 1986; Singh, 1988). 
I4 
Table. 6.1. Trace element analysis (In ppm) of phosphorites of the Lalitpur district. 
Sample 
Sc V Cr Co Ni Cu Zn 
Na 
To-S 3.64 24.50 53.98 51.16 71.46 37.17 285.36 
Sa-I1 3.30 16.43 42.83 121.88 43.22 8.36 55.74 
G-14 	- 3.72 33.35 45.22 62.67 77.71 13.23 31.95 
C-17 3.64 5.10 50.11 170.61 62.72 16.69 50.89 
P-25 	- 3.37 4.75 42.52 46.05 40.98 14.23 16.67 
P-26 3.30 7.19 41.03 4033 32.07 154.82 23.13 
P-27 3.00 14.19 51.91 138.54 55.06 10.26 39.79 
P-28 3.37 28.02 37.41 11.18 28.04 32.18 93.70 
Sn-33 2.75 4.89 47.47 98.71 41.87 11.76 24.67 
To-43 	. 2.57 15.49 51.71 100.13 54.78 4011 52,50 
To-45 	'`. 6.01 75.16 55.20 25.64 48.18 22.98 113.81 
To-50 	" 7.16 66.50 55.89 19.68 49.68 15.06 123.83 
To-52 5.79 70.96 48.45 14.89 46.55 13.61 61.92 
To-53 5.80 65.08 50.79 16.60 60.23 17.07 69.87 
To-54 	- 5.23 35.32 43.01 7.60 78.51 22.33 215.07 
To-56 	- 5.01 40.65 46.09 9.70 23.81 25.98 98.70 
To-59 	- 3.73 27.05 46,74 35.34 34.81 135.57 51.09 
To-60 	- 3.17 14.19 40.51 15.91 28.48 41.22 111.75 
To-66 	. 3.17 15.20 58.40 59.55 49.30 ND 45.16 
Tu-67 3.31 52.94 39.80 136.37 41.85 26.03 24.71 
Sm-69 3.20 6.13 49.35 103.16 40.37 25.08 21.36 
Sm-70 3.30 30.22 64.5? 82.24 47.84 23.93 29,65 
B-73 	-. 3.52 51.43 62.87 98.11 56.45 ND 24.22 
B-75 3.36 5.80 40.34 101.36 37.33 12.98 49.76 
13.77 2.93 28.38 42.46 100.92 46.96 15.68 21.63 





Semple Ce Rb Sr Y Zr Nb Cs No. 
To-S 5.13 1.54 35.64 7.09 23.60 19.66 0.08 
Sn-11 2.79 0.43 7.01 2.36 11.95 23.27 0.03 
6-14 3.71 2.04 56.55 7.28 16.19 33.71 0.08 
6-17 2.29 0.94 15.57 6.15 16.86 44.60 0.05 
P-25 2.91 0.27 29.88 10.23 20.37 26.06 0.03 
P-26 2.52 0.30 22.73 2.39 15.92 33.04 0.02 
P-27 2.52 0.42 10.70 2.72 24.04 31.20 0.03 
P-28 15.30 5.10 139.58 14.41 31.85 10.87 0.21 
Sn-33 1.29 0.70 4.79 1.34 10.82 30.22 0.03 
To-43 2.20 0.39 11.25 1.01 15.77 21.95 0.03 
T0-45 43.69 2517 39.24 12.86 248.87 48.88 124 
To-50 46.55 27.12 60.66 20.42 170.22 29.77 1.13 
To-52 47.50 25.95 104.67 10.33 211.76 2928 1.25 
To-53 50.15 31.35 103.73 12.65 274.53 35.19 1.39 
To-54 18.17 7.69 172.98 9.70 65.91 11.34 0.39 
To-56 26.13 12.42 91.07 7.30 113.74 20.07 0.60 
To-59 9.55 108 41.26 12.79 52.07 26.38 0.13 
To-60 5.91 0.57 47.90 4.56 7.01 5.77 0.04 
To-66 4.63 0.48 20.26 3.14 20.91 47.88 0.03 
To-67 9.92 0.29 16.10 1.58 6.82 13.62 0.02 
Sm-69 4.56 0.29 28.48 1.60 15.58 27.01 0.02 
Sm-70 9.51 0.49 82.92 2.19 28.17 17.02 0.04 
B-73 3.42 0.33 6.91 2.38 14.82 13.68 0.02 
0-75 4.44 0.53 23.12 3.25 14.14 23.78 0.03 
0-77 7.42 0.37 35.66 4.18 11.64 17.85 0.02 
11-79 1.36 0.25 15.44 4.86 15.39 18.25 0.02 
Continued 
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Sample Ba Hf Ti Pb T6 U V/Cr No. 
To-8 32.70 0.31 0.74 229.80 0.39 14.65 0.45 
Sn-11 14.98 0.15 0.69 26.98 0.09 2.24 0.38 
6-14 67.88 0.23 0.38 ND 0.17 5.18 0.74 
G-17 20.85 0.29 1.02 427.31 0.17 6.70 0.10 
P-25 27.44 0.32 0.55 224.60 0.23 19.65 0.11 
P-26 16.65 0.22 0.44 155.78 0.19 20.00 0.18 
P-27 35.37 0.38 0.55 91.33 0.25 2.81 0.27 
P-28 75.43 0.53 0.32 42.61 0.29 129.67 0.75 
Sn-33 29.30 0.14 1.28 57.00 0.12 2.55 0.10 
To-43 12.15 0.24 0.26 28.90 0.22 3.50 0.30 
To-45 151.68 3.92 0.69 221.12 2.45 10.85 1.36 
To-SO 181.98 2.72 0.31 151.47 2.35 11.88 1.19 
To-52 214.89 3.35 0.46 645.74 2.11 34.06 1.46 
To-53 288.99 4.33 0.33 ND 2.26 25.21 1.28 
To-54 136.75 1.07 0.33 ND 0.78 127.59 0.82 
To-56 126.45 1.75 0.40 70.55 1.11 65.23 0.88 
To-59 39.18 0.87 0.81 42.54 0.79 49.33 0.58 
To-60 18.09 0.11 0.33 42.91 0.10 84.55 0.35 
To-66 20.18 0.30 3.37 22.56 0.22 6.67 0.26 
To-67 23.00 0.11 0.53 23.32 0.10 2.64 1.33 
Sm-69 21.98 0.26 0.38 20.52 0.19 2.40 0.12 
Sm-70 28.60 0.41 0.19 28.61 0.30 4.84 0.47 
8-73 19.58 0.21 0.40 22.16 0.21 4.57 0.82 
8-75 37.89 0.21 0.34 22.52 0.17 1.67 0.14 
B-77 20.01 0.19 0.43 24.06 0.20 2.11 0.67 
B-79 31.37 0.21 0.37 27.92 0.19 4.06 0.11 
ND=Not detected 
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Table. 6.2. Trace element analysis (in ppm) of associated rocks (dolomitic limestone, shale, 
ferruginous sandstone and quartzite) of the Lalitpur district 
Sample Zn Sc y Cr 	Co Ni Cu No. 
DOLOMITIC LIMESTONE 
G-12 3.97 10.47 28.88 	5.61 23.67 7.85 56.34 
TO-62a 6.06 53.37 71.91 	36.92 71.61 29.75 133.60 
To-63 4.25 2619 63.34 	14.01 23.76 14.92 43.55 
SHALE 
Tp-4 71.73 586.42 351.30 	4.30 37.12 22.83 50.40 
T•19 27.03 217.38 139.33 	9.46 27.18 25.20 83.42 
P41 13.37 41.37 ND 	25.00 39.20 25.25 115.19 
Sd-83 38.33 282.82 199.19 	8.97 21.02 73.82 79.51 
FERRUGINOUS SANDSTONE 
P-39b 1.01 42.28 3.64 	133.28 7.16 ND 90.83 
D"S 1.14 42.15 4.01 	207.74 10.08 25.13 494.86 
QUARTZITE 
1.47 1.76 6.55 	135.43 3.59 0.23 9.87 
1.55 1.75 6.12 	155.83 4.79 0.28 9.75 
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No. Ba Hf Ta Pb Tb U V/Cr 
DOLOMITIC LIMESTONE 
G-18 148.34 2.22 0.31 76.48 2.50 0.48 0.36 
TO-62s 212.19 2.43 0.69 60.85 1.36 2.99 0.74 
To-63 25.41 0.81 0.19 45.41 0.43 0.95 0.42 
SHALE 
Tp-4 839.06 7.75 1.11 ND 5.94 3.63 1.67 
P-40 250.56 4.12 2.67 ND 6.02 14.69 1.56 
B-81 418.20 3.70 2.12 11.76 7.65 6.29 ND 
Sd-83 222.61 7.94 1.27 6.04 6.95 2.76 1.42 
FERRUGINOUS SANDSTONE 
P-39b 47.04 0.62 1.82 2.22 0.54 100.41 11.62 
Ds-85 113.46 1.05 1.66 3.64 1.01 1.62 10.51 
QUARTZITE 
B-2 18.35 0.04 1.63 9.02 0.12 0.22 0.27 
P-29 51.24 0.04 1.14 ND 0.16 0.21 0.29 
Sn- 31 21.98 0.05 0.71 52.11 0.16 6.83 0.67 
ND=Not detected 
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Table 6.3. Minimum, maximum and average values of trace elements of phosphorites, dolomitic 
limestones, shale, ferruginous sandstones and quartzites of the Lalltpur district. 
PHOSPHORITES DOLOMITIC LIMESTEONE 
Min Max Avenge Min Max Avenge 
5* 2.57 7.16 3.85 3.97 6.06 4.76 
V 4.75 75.18 28.66 10.47 53.37 30.24 
Qr 37.41 64.57 48.62 28.88 71.91 54.71 
ce 7.80 170.61 70.29 .. 	5.61 36.92 18.85 
2N 23.91 78.51 48.56 23.67 71.61 39.68 
Q 9.36 154.82 31.24 7.85 29.75 17.51 
211 16.67 285.36 67.78 43.55 133.60 77.83 
1.29 50.15 6o 
 
12.83 11.09 32.97 21.35 
s 0.25 31.35 5.71 2.19 5.15 4.08 
$ 4.79 172.98 47.08 39.29 72.49 51.15 
Y 1.01 20.42 6.49 2.29 6.79 4.46 
Zr 6.82 274.53 56.11 55.75 167.65 125.51 
Nb 5.77 48.98 25.40 11.70 35.01 21.96 
0- 0.02 1.39 027 0.12 0.38 0.24 
L 12.15 288.99 65.13 25.41 212.19 128.64 
Hr 0.11 4.33 0.88 0.81 2.43 1.92 
?a 0.19 3.37 0.61 0.19 0.69 0.39 
Pb 20.52 645.74 115.23 45.41 76.48 60.92 
7ti 0.09 2.45 0.60 0.43 2.50 1.43 
O 1.67 129.67 24.79 0.48 2.99 1.47 
Continued...... 
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SHALE FERRUGINOUS SANDSTONE QUARTZITE 
Min Max Average Min Max Average Min Max Average 
Sc 13.37 71.73 37.61 1.01 1.14 1.07 1.47 1.55 1.51 
V 41.37 586.42 281.99 42.15 42.28 42.21 1.75 4.93 2.81 
Cr 139.33 351.30 229.94 3.64 4.01 3.82 6.12 7.36 6.68 
Co 4.30 25.00 11.93 133.28 207.74 170.51 63.16 155.83 118.14 
NI 21.02 39.20 31.13 7.16 10.08 8.62 2.11 4.79 3.50 
Cu 22.83 73.82 36.78 ND 25.13 25.13 0.23 0.57 0.36 
Zn 50.40 115.19 82.13 90.83 494.86 292.84 4.85 9.87 8.15 
Ga 11.84 41.29 26.91 1.04 2.77 1.91 0.25 0.46 0.35 
Rb 32.57 321.16 148.73 2.19 7.40 4.79 0.71 1.74 1.31 
Sr 53.80 86.72 68.05 25.35 35.22 30.29 4.90 24.63 12.42 
Y 15.46 33.40 27.29 6.78 6.82 6.80 0.21 7.35 2.59 
Zr 135.43 287.82 210.01 9.45 17.00 13.22 1.20 1.45 1.34 
Nb 5.05 12.00 8.39 0.84 0.99 0.92 0.69 1.37 1.07 
Cs 0.32 6.51 3.85 3.02 15.74 9.38 0.04 0.07 0.06 
Ba 222.61 839.06 432.61 47.04 113.46 80.25 18.35 51.24 30.53 
Hf 3.70 7.94 5.88 0.62 1.05 0.84 0.04 0.05 0.04 
Ta 1.11 2.67 1.79 1.66 1.82 1.74 0.71 1.63 1.16 
Pb 6.04 11.76 8.90 2.22 3.64 2.93 9.02 52.11 30.56 
Th 5.94 7.65 6.64 0.54 1.01 0.78 0.12 0.16 0.15 
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ToNt 6,5, Corrdpfioo mabi for drrred eomctntnfioes in maceiiIrd rocks of the LaliIorr disIAd, 
Sc V Cr Co Ni Co 2. Co Ilb Sr Y Zr Nb Cr Bi Hf To Pb Ti U 
It I 
Y .981 I 
Cr .489 .979 I 
Co -.575 -.446 •614 I 
Ni 311 .^.87 442 .561 
Co .490 .467 535 •JSS .369 
Z* -.140 -.071 •.151 .485 .051 153 1 
Cr 186 .766 IN -.724 .741 .638 •.068 I 
Nh .990 .993 .970 •454 .264 .389 -.116 .731 I 
Sr 1S0 .718 125 •652 .SIS .643 .032 .770 .699 I 
Y .712 .717 .934 •.319 384 .623 .010 .604 .779 7Ub I 
Zr 815 767 860 •.740 b22 .144 -.097 .9s5 .740 .8W .742 I 
Nb .110 .076 .182 ,692 .312 .148 -.140 371 ,07 .336 •.026 .532 1 
Cs .205 .279 .161 .411 144 .439 .870 .061 231 .201 .189 .097 ,233 
Is .884 897 921 •.477 514 .306 •0IO T)? 885 686 .813 .742 .163 .141 1 
Hf .908 .861 .926 •611 .446 .773 •.037 866 .847 .810 .855 .9:2 .278 .248 .792 	I 
Ti .142 .143 .019 230 -117 .191 .246 -.136 .161 •.051 352 •633 •.598 313 .167 	.164 	1 
Pb -.213 J52 -014 -.573 .399 -.404 •348 337 •169 •.012 401 .143 743 •521 -.091 	•.114 	-.869 	1 
11 .711 .637 843 -.614 410 661 ,018 .646 630 .700 912 800 AS .141 .721 	.869 	.440 	261 
U •.153 -.083 -.191 .237 -.217 .146 -024 -.264 -.122 -.199 -1176 -.254 ,268 .001 -165 	-.176 	.319 	•.359 	-.15! 	1 
CAA R VII 
pp. 156180 




GEOCHEMISTRY OF THE RARE EARTH ELEMENTS (REEs) 
7.1 GNERAL STATEMENT 
The REF group includes 15 elements ranging from lanthanum (La) (nucleus 
charge 57) to lutecium (Lu) (71). In the modern literature, they are denoted as HREF 
(heavy rare earth elements) and LREE (light rare earth elements), respectively. The 
term "middle rare earth elements" (MREE) designates elements from samarium to 
holmium (Dubinin, 2004). The REE have relatively short residence times of —400y 
(Goldberg et al., 1963) and similar chemical properties, exhibiting progressively 
decreasing ionic radii with increasing atomic number from 1.03 A for La to 0.861 A 
for Lu (Shannon, 1976). 
It is well known that phosphorites can incorporate abundant rare earth 
elements (REE) during their growth in marine sediments leading to very early 
diagenesis (Kidder et al., 2003). The REE concentrations, shale-normalized REE 
patterns, Ce and Eu anomalies in the phosphorites are useful indicators of post-marine 
depositional environments. For example, the middle REE-enriched (MREE, defined 
as Sm—Ho) shale-normalized REE patterns (the so called `hat' pattern) commonly 
exist in many phosphate sediments, such as biogenic apatites (Wright et al., 1987; 
Grandjean-Lecuyer et al., 1993); the "old phosphorites" (Ilyin, 1998), phosphate 
nodules (Tlig et al.. 1987) and apatite stromatolites (Bertrand- Sarfati et al., 1997). It 
is suggested that this type of REE pattern is caused by diagenetic alteration (German 
and Elderfield, 1990; Shields and Stifle, 2001, Jiang, et al., 2007). As a result, these 
samples rarely retain primary seawater REE distribution patterns with a 
characteristically progressive enrichment in the light of REEs and pronounced 
negative Ce anomaly. Uvin (1998) found that almost all phosphorites older than 
Mesozoic yield so called 'old phosphorite REE patterns, which contain pronounced 
negative Ce anomaly and depletion in heavy REE. 
The distribution pattern and abundance of the are-earth elements (REE's) in 
marine minerals have been studied by many earlier investigators (Elderlield and 
Greoves, 1982; Elderfield et al., 1981) in order to clarify the geochemical behavior of 
i56 
these elements as a means of establishing the origin of marine minerals. These 
workers have established the fact that the abundance and pattern of RFE's in marine 
minerals reflect the REF source and mechanism of their incorporation. 
R1's in phosphorites may be derived either directly or indirectly from 
seawater. by remobilization from occluded and associated clastic material, 
ferromanganese oxides and biological debris (Elderfield et al., 1981; Kolodny. 1983) 
or from a combination of these sources. In most of the phosphorites, it may be 
possible that more than one process may have operated. Increasing age must increase 
the possibility of mixed REE sources and consequent overprinting of pattern and 
abundance. 
7.2 REE CONCENTRATIONS 
In the study area of Lalitpur district, the concentration of rare earth elements 
of phosphorites and associated rocks are presented in Table 7.1 and 7.2 respectively. 
Minimum, maximum and average data of phosphorites and associated rocks are given 
in the Table 7.3. The Pearson correlation matrix for element concentration of 
phosphorites and associated rocks of the study area is also illustrated in Table 7.4 and 
7.5 respectively. Both negative and positive significant correlations are highlighted. 
The total concentration of I'REE ranges from 2.89 to 236.91 ppm in phosphorites 
(Table 7.1), where as in associated rocks it ranges from 16.79 to 22.71 pprn (dolomitic 
limestone), 31.08 to]56.59 ppm (shales). 24.35 to 65.20 ppm (ferruginous sandstones) 
and 1.54 to 9.02 ppm (quartzites) (Table 7.2). The phosphorites have higher 
concentration of REE in comparison to the associated rocks. The LREE 
concentration in phosphorites of the study area ranges from 1.92 to 232.63 pprn 
(Table 7.1) and in associated rocks, it ranges from 14.27 to 20.55 ppm (dolomitic 
limestone). 21.88 to 134.11 pprn (shales), 20.36 to 60.51 ppm (ferruginous sandstone) 
and 1.43 to 7.15 ppm (quartzites) (fable 7.2). HREE concentrations in the Lalitpur 
phosphorites ranges from 0.64 to 19.74 ppm ("Cable 7.1) and in associated rocks it 
ranges from 1.90 to 4.12 ppm (dolomitic limestone), 9.20 to 22.48 ppm (shales), 3.39 
to 4.69 ppm (ferruginous sandstones) and 0.10 to 1.86 ppm (quartzites) (Table 7.2 
are distinctly equivalent to Shales (17.5 in PAAS). 
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Since seawater has erg low concentration of REE (Mitra et al., 1994), 
imposition of the seawater profile on the hydrothermal signature should only he 
expected during prolonged exposures of the sediments to seawater. The phosphorite 
samples of the study area contain lower REE than the average phosphorites (457 ppm. 
Altschuler, 1980) and dolomitic phosphorites (0.01% to 0.10% or 100 ppm to 1000 
ppm, Zhang et al.. 2010), staying also well below the Israili phosphorites (126 ppm; 
Soudrv- et al., 2002), but are coinciding with the Turkish phosphorites (FREE 27.4 
ppm; Imamglu et al.. 2009) also comparable with REE concentration in apatite pellets 
or clasts (McArthur and Walsh, 1984; Piper et al., 1988; Watkins et al., 1995), due to 
enrichment of the latter in the light REE (LREE) fraction. A similar total REE content 
of 21.98 ppm was measured in the spelean coprolitic phosphorite. In contrast, the 
phosphorites from the endogenous weathering rocks contain 372.32 ppm REEs. The 
phosphorites of Christmas Island show the lowest REE content (3.89 ppm) (Zanin and 
Zamirailova, 2009). The content of REEs in rocks affected by weathering is 
considered here as an important factor controlling REE contents in Lalitpur 
phosphorites. The same was noted in general terms for sedimentary rocks by Ronov et 
al. (Ronov et al., 1967) and Supergene phosphorites (Zanin and Zamirailova, 2009). 
The high total REE content of phosphorites from a carbonaceous member of the 
Lower Cambrian of the Kuonarnka Formation of the Siberian Platform was found 
upto 1500 ppm, (Zanin, et al, 2002). It may be due to the reducing conditions in 
sediments enriched in organic matter. 1-lowever, under the conditions of high organic 
matter content, this process could affect not only the middle, but also the light and 
heavy REEs, resulting in overall REE enrichment in the phosphorites. 
The low REE concentration of phosphorites may be resulted from the 
associated sandy carbonate sediments and different initial substrate. Rates of 
terrigenous sedimentation were low in areas of phosphorites, which may explain the 
low REE contents of the phosphorites. It appears that the availability of REE's in the 
reaction zone of the phosphorite formation is more important and thus the host 
sediments determine the REE pattern (Rao et al., 2000). The low REE concentration 
is also found in phosphatic nodules from the continental margins of India (Math et al.. 
2000). Such low concentrations are consistent ith the suggestion of McArthur and 
Walsh (1984) that francolite characteristically forms with extremely low > REE 
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contents. According to Garnit at al. (2012b) the low REE contents in the Gafsa 
Metlaouni phosphorites of Tunisia could be due to low pore water enrichment in 
bottom sediments with REEs and/or minimal incorporation of detrital REE from 
clastic phases in the CFA-fraction. 
The low RYE content of the Lalitpur phosphorites (Table 7.1) indicate the 
high condensation, long exposure of the phosphate grains close to the sea floor and 
more REE uptake from seawater. Moreover, weathering often causes low (La/Nd)N 
and (LaISm)N ratios (average <1.08) (Reynard et al. 1999; Shields and Stille 2001). 
These two important ratios are in line with the present investigated area as [(La/Nd)N 
average 0.92] and [(LaN/Sn1) average 1.06] in phosphorites and [(La/Nd)y average 
297] and [(LaN/Sm)w average 0.84] in associated rocks (Table 7.1 and 7.2) 
respectively. An explanation for this unusual low REE contents in the Lalitpur 
phosphorite samples could be a low pore water enrichment of bottom sediments with 
REEs. Majority of these elements is associated with the CFA structure (REE3+  
substituting for Ca'z) and are transferred to bottom sediments from seawater directly, 
and by detrital phases (siliciclastic debris, iron oxides, oxyhydroxides and organic 
grain-coatings) that have previously scavenged large amounts of REEs from the water 
columns as suggested by Jarvis et al. (1994); imamoglu et al. (2009). The extremely 
low REE content in the samples studied could be due to minimal incorporation of 
detrital REEs in the CFA fraction. This could have been caused by low fluxes of 
elastics andlor reduced REE release from their detrital carriers, which is also 
supported by Garnit et al. (2012h). Negative Ce-anomaly (0.80) in these samples 
strongly support this argument and suggest that the bulk of the REEs in these rocks 
have been derived mainly from seawater. More incorporation of REEs from detrital 
phases would have produced less negative Ce-anomalies (Shields and Stille, 2001) 
caused by greater Ce+3 availability as redox conditions in bottom sediments becoming 
more reducing (German and Elderfield 1990, Imamoglu et al., 2009). 
7.3 PAAS NORMALIZED REE PATTERNS 
PAAS (Post Achaean Australian Shale) normalized pattern by Taylor and 
Mclennan (1985) shows characteristic MRRR-enriched concave down pattern 
centered on Eu and Gd in all the samples (Fig. 7.1). These REE patterns reflect the 
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original seawater chemistry, differing from the convex or bell-shaped patterns that are 
typical of strongly altered phosphorites (Lecuyer et al.. 1998. Picard et al., 2002. 
Chunhua and Ruizhong, 2005). The IIREE concentration causes flattening of the 
pattern (Fig. 7.1) which in accordance with that of the southeast coast of India. (Rao 
et al, 2002) showing MREE enrichment and seawater like pattern. The MREE-
enriched patterns (Fig. 7.1) are in contrast to that of other Quaternary and modern 
phosphorites (McArthur and Walsh, 1984; Piper et al., 1988) and Cretaceous 
phosphate stromatolites (Krajewski et al., 2000), which show shale-like patterns. The 
patterns reported here, however, resemble those of the Devonian phosphatic nodules 
from USA (McArthur and Walsh. 1984), Montagne, Noire France (Tlig et al., 1987). 
Cambrian apatite stromatolites of Africa (Betrand-Sarfati et al. 1997), Carboniferous 
phosphorites of North America (Cruse et al., 2000), phosphorites of the southeast 
coast of India (Math et al., 2000) and Paleozoic biogenic phosphorites and 
microfossils (Wright et al., 1987; Grandjean-Lecuyer et al., 1993). 
The MREE-enriched pattern (Fig. 7.1) in the phosphorites implies that the 
REEs of the seawater were fractionated in favor of the MREEs or selective uptake of 
MREEs was involved (Rao et al., 2002). Houle et al. (1984) reported MREE-enriched 
patterns in the flocculents and precipitates from river water mixed with seawater. 
Several Paleozoic phosphorites including biogenic phosphorites (Wright et al., 1987; 
Grandjean-Lecuyer et al., 1993): phosphorite nodules (Tlig et al., 1987) and apatite 
stromatolites (Bertrand-Sarfati et al., 1997) showed distinct MREE-enriched patterns 
that resulted from the adsorption of REEs onto ferric-oxyhydrox ides. However, in the 
case of Lalitpur phosphorites, although the scavenging by Fe-oxyhydroxides may 
have contributed some REEs, this alone cannot explain the observed patterns. This is 
because, firstly, the samples with high iron (Fe203 = 0.29 to 27.36 wt% in associated 
rocks) and low iron (Fe203 = 0.55 to 2.89 «t% in phosphorites) content showed 
similar MREE-enriched patterns (Fig. 7.1). This is also in line with that of Rao et al. 
(2002). According to Bliskovsky et al. (1969) the fine-grained terrigenous sediment 
fraction dominantly influences the [ZEE concentration in phosphorites. The A1203 
content of the sample is used as an indicator of terrigenous flux. Although the Al^U; 
contents of phosphorites (average 0.70 0 0) and associated rocks (average 7.57 `),o) do 
not differ significantly and they show different REF patterns. This implies that the 
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influence of particulate terrigenous flux alone cannot explain the REE patterns. Same 
is the case of phosphorites of India (Rao et al. 2002). In experimental studies. Byrne 
et al. (1996) demonstrated that REIN-phosphate coprecipitation is a significant factor 
in the mobility of REEs. and enrichment and depletion of specific RL:l:s depend on 
the degree of carbonate complexation in the solution. At low degrees of complexation. 
1REEs are enriched in the solid phase. while at high degrees of complexation, 
coprecipitation along with scavenging, contribute HREEs and La. The slight depletion 
of MREEs and moderate enrichment of HREEs and La in few samples (Fig. 7.1) 
appears to reflect the dual mechanisms, i.e. scavenging by oxyhydroxides and 
coprecipitation. Same is the case with phosphorites off the southeast coast of India, 
(Rao et al.. 2002). 
Phosphorites from the whole of the Phanerozoic are commonly depleted in the 
HREE. Several authors have suggested that this depletion might reflect primary 
seawater, which was perhaps different in the Pre-Cenozoic (McArthur and Walsh, 
1984; Ilyin, 1998a). However, this phenomenon is mostly apparent in Paleozoic 
phosphorites; phosphatic peloids from the Miocene of Malta (Jacobs et al., 1996): 
some phosphatic chalks from the Upper Cretaceous (Jarvis, 1992); phosphorites of the 
Mesozoic of the East European Platform (Ilyin. 1998b) and Cambrian phosphorites 
(Shields and Stille, 2001) are also HREE depleted. The phosphorite samples from 
Lalitpur area also show HREE depletion (Fig. 7. 1). The LREE enrichment suggesting 
well oxygenated shelf environments and hence their lower LREE weathering (Daessle 
and Carriquiry, 2008; McArthur and Walsh, 1984). The ELREE concentration is 
higher than THREE (Table 7.1). 
The effect of surface weathering on REE distributions in these samples is 
likely to be more subtle. Due to the low concentrations of REE in surface waters. 
relative to the high concentrations in sedimentary apatite, we consider that REE will 
tend to be lost during weathering processes. The same phenomenon has also been 
reported by the Shields and Stille, (2001) in Cambrian phosphorites of the South 
China. There are only few studies from which the effects of weathering on REE 
patterns in phosphate may he discerned. McArthur and Walsh (1984) concluded that 
weathering remo~'es REF from phosphorites. with I.RFE being remo\ ed 
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Fig. 7.1. 	Post Archaean Average Shale (PAAS)-normalized REE pattern of phosphorites (a,b) 
and associated rocks (c) of the Lalitpur district (after Taylor and McLennan, 1985). 
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weathering and formation of Al—Ca phosphates are associated with specific leaching 
of heavy REF due to the greater stability of aqueous HREE complexes compared with 
LREE complexes. Similarly. (Sheilds and Stille. 2001) could show that the alteration 
and corrosion of phosphate minerals control to a large extent the release and 
mobilization of REE. especially HREE. in sandstones and soils and their enrichment 
in the surrounding groundwater. In agreement with these studies, we argue that HREE 
depletion in these samples may indeed be an effect of weathering. Another effect of 
REE leaching during weathering could be the preferential retention of the 
theoretically more stable lanthanides: La, Gd and Y due to the tetrad effect, where Y3` 
and Lai- show electron configurations similar to noble gases, and Gd3' contains a 
half-filled 4f orbital (Bau et al., 1996; Sheilds and Stille, 2001). 
7.3.1 CERIUM (Cc) ANOMALIES 
Under oxidizing conditions typical of most marine environments, the REE are 
expected to occur as trivalent cations, which are highly soluble (Turner and Whitfield, 
1979). Consequently. the REE should act as a coherent group and display only limited 
fractionation during their passage through the oceans. Nevertheless, oceanic sea water 
exhibits a pronounced negative Ce anomaly (Hogdahl et al., 1968; Martin et al., 1976) 
and it has been suggested (Goldberg, 1961; Piper, 1974a) that this is caused by Ce3+  
being oxidized to less soluble Ce4+ which is then removed by authigenic minerals, 
principally ferromanganese deposits. This hypothesis is supported by the REE 
distribution of the latter which commonly exhibit patterns that are the mirror image of 
oceanic sea water. having large positive Cc anomalies (Elderfield et al., 1981. Jarvis, 
1984). The contrast between shelf and oceanic waters indicates that shale normalized 
patterns provide a measure of oceanic fractionation and are uncomplicated by 
variations in terrestrial provenance. 
Knowledge about paleoredox conditions is essential for reconstructing the way 
in which the oxygenation of Earth's surface environment has changed through time 
and affected the evolution of life: on our planet (Severniann and Anbar, 2009). The 
ratio Ce Ce* has been used in sedimentary rocks to interpret the redox conditions in 
seawater at the time when the REEs were incorporated into the marine sediment 
(German and Elderfield. 1990). Owing to its unique redox chemistry Ce gets 
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fractionated from other trivalent REEs in the marine realm. Soluble Ce' under 
oxidizing condition changes to insoluble and thermodynamically stable Ce4-. 
Preferential scavenging of Ce4  through organic and inorganic (,9n-oxvhydroxides) 
particulates results in negative Ce anomaly in sea \cater. Compared to deeper waters. 
the shallow waters, especially in the upper photic zone display much less pronounced 
negative Ce anomaly. The shallow water of Coral Sea has Ce anomaly — -0.18 
whereas its deeper water exhibit pronounced negative anomalies (<-1.0). Wright et al. 
(1987) defined negative Ce anomalies as oxic conditions. The Lalitpur phosphorites 
have a record of negative Ce anomalies (Fig. 7.1a,b). This suggests an oxic marine 
depositional condition, which is also supported by Chunhua and Ruizhong (2005) and 
Garnit et al. (2012b). The phosphorites analyzed in this study contain lower Ce/Ce* 
0.66 to 1.17 (Table 7.1). Present seawater is characterized by Ce/Ce* values of 0.4-
0.7 (Elderfield and Greaves, 1982). where as the average shales typically yield 
Ce,Ce* values of —1.0 (Cox et al.. 1995; Cullers and Berendsen, 1998). Therefore, the 
Ce/Ce* values (Table 7.1) of phosphorites are slightly higher as compared to those of 
present ocean water. This indicates oxic conditions for the phosphorites. The negative 
Ce anomaly and La enrichment (La/Nd=0.37 to 2.77) indicates well oxygenated shelf 
environments, which is also supported by Daessle and Carriquiry (2008). 
The negative Ce anomaly (Fig. 7.1a, b) of phosphorites of the study area was 
evaluated by Ce/Ce* ratio, where Ce is the measured concentration, and Ce* is the 
concentration after interpolation from the distribution curve between La and Pr as if 
there is no anomaly as also suggested by Chunhua and Ruizhong, (2005). In 
geometric mean. Ce'Ce*=Cep;/\[(LaN).(PrN) where 'N' refers to the normalization of 
concentrations against the standard Post Archaean Australian Shale (PARS), 
(McLennan, 1989). 
So far as the associated rocks are concerned, these samples have a weak 
negative Ce-anomaly (Fig. 7.1 c), which suggests that they were formed in an 
environment with lower oxygen content than that described for most of the land 
deposits. Cr and V concentrations are relatively low in quartzites. This may indicate 
that there is no skmit cant metal contribution derived from the Influence of the 
oxygen minimum zone 10\1/). It is therefore suggested that at least some of the 
trancolite in these samples was formed in shallow waters, away from the influence of 
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the oxygen minimum zone(()\I/.). In addition, the low La concentrations (La"hd <1 
in some associated rocks and their flat HREE distribution suggest that they were 
weathered to some extent (Daessle and Carriquiry. 2008, ,McArthur and Walsh. 1984). 
7.3.2 El ROPIi \1 (Eu) ANOi\1.\LIES 
It has been argued by several authors that Eu concentration in the sediments 
can not be changed any more during diagenesis. Now, some information is available 
regarding Eu mobility in strongly reducing condition at low temperature. Positive Eu 
anomaly is attributed to the reduction of Eu' to Eu2+. In aqueous solution the REE 
occur mainly as trivalent ions, usually complexed. Above pH=6, precipitation of REE 
hydroxide occurs (Hass et al., 1979). Sm. Eu and Tb occur only in the divalent state; 
however, the divalent Eu`' is the most stable one in the solution (Hass et al., 1979). 
On the basis of thermochemical consideration. Sverjensky (1984) suggested that at 
25°C Eu2 occurs only under extremely reducing alkaline condition. He further 
pointed out that the most common environment of this type is the pore water of 
anoxic marine sediments at depth below the sea water sediment interface where 
surface reduction has gone to completion. Therefore, reduction of Eu3 and its 
subsequent mobilization are rare under normal condition. Such processes are feasible 
and may actually occur in a highly reducing and alkaline diagentic environment 
(Mazumdar et al.. 1999: Ismael, 2002). 
The normalized REE distribution pattern of the phosphorites (Fig. 7.1a,b) and 
associated rocks (Fig. 7.1c) of Lalitpur district show positive Eu anomaly. The 
concentration of Ew"Eu* ratio lies between 0.99 to 2.81 in phosphorites (Table 7.1). 
Eu anomaly was evaluated by Eu Eu* ratio, where Eu is the measured concentration, 
and Eu* is the concentration after interpolation from the distribution curve between 
Sm and Gd as if there is no anomaly, (Ismael. 2002). Taylor and McLennan, (1985) 
recommend using the geometric mean. in this case Eu/Eu*=EtN/'l [(SmN).(GdN)], 
where 'N' refers to normalization of concentrations against the standard Post-Achaean 
Australian Shale (1'AAS). McLennan (1989). 
Positive Fu anomaly has been reported from phosphorites of Peru/Chile shelf 
and phosphate concretions of the Namihian shelf (l3aturin. 1982). Such anomalies 
have been attributed either to the incorporation of Eu-enrichment detritus of volcanic 
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(andesite) provenance or to the strongly reducing conditions at the time of phosphorite 
formation. Chunhua and Ruizhong (2005) also reported positive Eu anomaly from 
Early Cambrain phosphorites. China. According to Ismail ( 002) positive Eu anomaly 
reveals anoxic phosphate formation. 
Eu anomaly is a common geochemical phenomenon due to different valencies 
of Eu compared to the strictly trivalent typical of other REEs (De Baar et al., 1985). 
Eu anomalies have been reported in various types of igneous and sedimentary rocks 
(Henderson, 1984). However, reduction of Eu does not seem to occur within the 
ocean basins except in submarine hydrothermal systems and during some extreme 
marine diagenesis in certain organic-rich, sulfate reducing environments (Michard et 
al., 1983; MacRae et al., 1992). Positive Eu anomalies have been reported for some 
phosphorite occurrences and phosphate nodules hosting in organic-rich shales. The 
results for the phosphorites and associated rocks of the study area also show positive 
Eu anomalies to variable extent, with higher EwEu* values. Commonly the positive 
Eu anomalies are generally interpreted as a having resulted from precipitation of 
sediment under extremely reducing and alkaline conditions (Ogihara, 1999; Kidder et 
al., 2003. Jiang et at.. 2007; Garnit et al.. 2012b). In such a reducing system, decay of 
organic matter would quickly use up the minimal available oxygen, and this might 
favor reduction of Eu3a to Eu', and then the Euz+could move into the phosphate 
nodules (Kidder et al.. 2003). This explanation is consistent with the higher Eu/Eu* 
values in the phosphorites of studied area. Alternatively, a hydrothermal fluid 
component can also cause significant positive Eu anomalies (Michard et al., 1983. 
Stalder and Rozendaal, 2004, Jiang et at., 2007). In studied samples, it is suggested 
that that the positive Eu anomalies were more likely caused by redox conditions, 
because Eu'+can be readily reduced into Eu and the Eu2+ can replace Ca'' easily in 
the phosphate minerals. 
Positive Eu anomalies in Lalitpur phosphates indicate that they have relatively 
higher detrital (from terrestrial sources) REE contribution. Positive Eu anomalies 
cannot result from low-temperature water column conditions (Elderfield, 1988: Nath 
et al.. 2000) and the anomalies might have been derived from the feldspars and other 
minerals rich in europium. 
166 
7.4 I)1:1GE\E7'I( l•'.F1•'l-:C7' ON PHOSPHORITES 
\Veathering. burial diagenesis and metamorphism may affect both REE 
concentration and their distribution pattern in the phosphorites (\lcArthur and \Walsh. 
1984 ). In general. phosphorites show variable Ce anomalies, due to variation in the 
composition and amount of associated detritus. depositional environment, sea and 
pore water redox conditions and age. On the other hand, positive Eu anomalies have 
been recorded in some phosphorites, which Would be attributed either to the 
incorporation of Eu-enriched detritus of volcanic (andesite) provenance or to strongly 
reducing conditions at the time of phosphorite formation (Baturin, 1982. Ismael, 
2002). The phosphorite samples have high La\/YbN ratios relative to modern seawater 
(0.2-0.5; Reynard et al. 1999), probably reflecting adsorption onto the apatite lattice 
during early diagenesis. which is also supported by Garnit et al. (2012a) and Garnit et 
al. 2012b). 
Ce anomalies may be modified in later diagenesis (McArthur and Walsh, 
1984: Shields and Stille, 2001). However, Mlorad and Felistsyn (2001) suggest that Ce 
anomaly in apatites represents primary signatures if there is no correlation between 
LaN/Sm N and Ce anomaly with L.aN/SmN ratios >0.35. The Lalitpur phosphorites and 
associated rocks show no correlation between two parameter, i.e, Ce/Ce* with 
LaN/SmN and Dv SmN (Fig. 7.2a.b and 7.3a,b respectively), revealing the Ce 
anomaly as a depositional seawater signature. Same is the case with Early Cambrian 
phosphorites from Gezhongwu Formation. China (Chunhua, Ruizhong, 2005). 
Shields and Stille (2001): Chunhua and Ruizhong (2005) have shown that later 
diagenetic processes produced a good correlation between Ce/Ce* and Eu/Eu* 
anomalies, a negative correlation between Ce/C'e* anomaly and DyN/SmN, and a 
positixe correlation between Cc/Ce* anomaly and REE contents in phosphorites. In 
the phosphorites of the study area. Ce/Ce* anomaly and Eu/Eu* anomaly shows good 
correlation (Fig. 7.2c), no correlation between Ce/Ce* anomaly and DyN/SmN (Fig. 
7.2h) and a positive correlation between C'e anomaly and NEREE (Fig. 7.2d) suggesting 
that the diagenetic effects on the REF patterns. But the associated rocks of the study 
area show negative correlation between Ce/Ce*  and  Eu/Eu*  anomaly (Fig. 7.3c) and 
Ce Cc* anomaly and !REE (Fi. 7.3d) suggesting that the diagenetic effects on 
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abundance of phosphorites of the Lalitpur district 
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Fig.7.3. Cross plots of various parameters calculated from the PAAS-normalized REE 
abundance of associated rocks of Lalitpur district. 
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It is well known that the REF are absorbed readily by clay minerals (Nesbitt, 
1979: Jarvis. 1984). the strong positive correlation between REE and A1203 in 
phosphorites ( Fig. 7.2e) and associated rocks (Fig.7.3e) indicates that they are in 
major control. It' the REE are plotted against Fe2O,. it shows no correlation in 
phosphorites (Fig. 7.2f) and associated rocks (Fig. 7.3f). which suggests that, the Fe 
oxide or sulphide is not an important control on REE concentrations (Jarvis. 1984). 
The good correlation between P205 and E REE (R`=0.101) (Fig. 7.2g) in phosphorites 
suggests that the REE inventory of the rocks is controlled by the phosphate 
component which is also supported by Garnit et al. (2012a). 
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Table 7.1. Rare earth element (REE) analysis (in ppm) of phosphorites of the Lalitpur district. 
Sample 
No. 
LA Ce Pr Nd Sm Eu Gd Tb Dy Ho Er 
To-8 3.01 5.29 0.84 4.39 1.18 0.50 1.40 0.19 1.01 0.20 0.50 
Sn-11 0.49 0.68 0.10 0.48 0.12 0.05 0.21 0.04 0.29 0.07 0.21 
G-14 2.77 4.00 0.62 3.44 0.81 0.33 1.03 0.15 0.91 0.20 0.52 
G-17 1.66 1.87 0.35 1.66 0.35 0.19 0.45 0.08 0.57 0.13 0.41 
P-25 3.07 4.75 0.64 3.29 0.76 0.31 0.94 0.13 0.91 0.22 0.68 
P-26 0.76 1.34 0.22 1.26 0.35 0.12 0.35 0.05 0.29 0.06 0.18 
P-27 2.76 3.38 0.40 1.62 0.21 0.09 0.33 0.05 0.35 0.08 0.25 
P-28 4.25 8.65 1.58 8.78 2.25 0.90 2.51 0.35 2.04 0.40 1.02 
Sn-33 0.64 0.83 0.11 0.53 0.09 0.04 0.14 0.03 0.18 0.04 0.12 
To-43 1.17 1.66 0.20 0.92 0.17 0.07 0.19 0.03 0.17 0.03 0.10 
To-45 5.55 11.09 1.72 8.95 2.09 0.81 2.44 0.37 2.24 0.46 1.27 
To-SO 45.57 88.23 8.76 42.06 8.71 2.97 9.35 1.12 4.95 0.84 1.83 
To-52 6.06 11.07 1.71 8.51 1.76 0.65 1.99 0.31 1.81 0.38 1.03 
To-53 4.02 7.97 1.36 7.61 2.01 0.82 2.40 0.36 2.21 0.45 1.26 
To-54 5.91 9.85 1.51 7.19 1.39 0.53 1.64 0.23 1.36 0.30 0.77 
To-56 4.66 8.72 1.32 6.00 1.07 0.39 1.19 0.19 1.18 0.25 0.69 
To-59 4.62 8.60 1.70 10.67 3.21 1.44 3.59 0.46 2.29 0.42 1.00 
To-60 1.84 4.33 0.80 4.97 1.49 0.94 1.62 0.19 0.85 0.14 0.32 
To-66 1.09 1.67 0.24 1.22 0.28 0.12 0.31 0.05 0.33 0.08 0.23 
To-67 6.13 7.09 0.64 2.21 0.25 0.09 0.29 0.03 0.17 0.04 0.13 
Sm-69 13.84 14.64 1.62 6.33 0.62 0.17 0.60 0.05 0.22 0.05 0.17 
Sm-70 83.89 98.62 9.93 36.20 3.34 0.66 2.87 0.17 0.40 0.08 0.34 
8-73 0.97 1.30 0.16 0.76 0.19 0.12 0.33 0.05 0.34 0.08 0.21 
0-75 6.38 11.23 1.43 7.01 1.21 0.39 1.13 0.15 0.69 0.12 0.31 
13-77 19.40 22.86 2.42 9.06 0.98 0.24 1.06 0.11 0.50 0.11 0.41 
B-79 2.88 4.42 0.68 3.22 0.48 0.16 0.56 0.08 0.52 0.13 0.44 
Continued...... 
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Semple To Yb Lu FREE ELREE EHREE Ce/La EufEn* Ce/Ct* No. 
To-S 0.06 0.43 0.05 19.05 15.22 3.83 1.76 1.80 0.78 
Sn-11 0.03 0.20 0,03 2.98 1,92 1.07 1.39 1.74 0.85 
C14 0.07 0.41 0.05 15.32 11.97 3.35 1.45 1.67 0.71 
C-17 0.06 0.33 0.04 8.13 6.07 2.05 1.13 2.18 1.17 
P-25 0.09 0.63 0.08 16.50 12.82 3.69 1.55 1.68 0.79 
P-26 0.02 0.16 0.02 5.18 4.05 1.13 1.76 1.61 0.84 
P-27 0.04 027 0.03 9.86 8.45 1.41 123 1.51 0.80 
P-28 0.12 0.74 0.08 33.67 26.41 7.26 2.03 1.76 0.77 
Su-33 0.02 0.11 0.02 2.89 2.24 0.65 1.30 1.30 0.73 
Tn-43 0A1 0.10 0.01 4.83 4.18 0.64 1.42 1.76 0.85 
To-45 0.17 1.24 0.16 38.55 30.21 8.34 2.00 1.67 0.82 
To-30 0.19 1.32 0.15 216.02 196.28 19.74 1.94 1.54 1.02 
Tell 0.15 0.99 0.13 36.54 29.75 6.79 1.83 1.63 0.79 
To-53 0.17 1.24 0.15 32.01 23.78 8.23 1.98 1.73 0.78 
To-54 0.10 0.72 0.09 31.57 26.36 5.21 1.67 1.61 0.75 
To-56 0.10 0.72 0.09 26.57 22.16 4.41 1.87 1.64 0.81 
To-59 0.12 0.78 0.09 38.98 30.24 8.74 1.86 1.99 0.71 
To-60 0.04 0.20 0.02 17.74 14.37 3.38 2.36 2.81 0.81 
To-66 0.03 0.24 0.03 5.90 4.61 1.29 1.53 1.78 0.70 
To-67 0.02 0.12 0.01 17.23 16.40 0.82 1.16 ).67 0.84 
Sm-69 0.02 0.16 0.02 38.51 37.22 129 1.06 1.26 0.72 
Sm-70 0.04 0.34 0.04 236.91 232.63 428 1.18 0.99 0.76 
B-73 0.03 0.20 0.03 4.75 3.50 1.25 1.34 2.40 0.66 
W75 0.04 0.29 0.03 30.39 27.64 2.75 1.76 1.54 0.85 
8-77 0.05 0.40 0.05 57.64 54.96 2.68 1.18 1.09 0.77 




No. Lax/SmN Er„/Lu„ DyN/Smrt Law/YbN La/Nd Sc/La Lux/LaN Lar,/NdN 
To-8 0.38 1.55 1.09 0.51 0.69 1.21 1.41 0.58 
Sa-11 0.60 1.22 3.04 0.18 1.02 6.75 4.52 0.86 
G-14 0.50 1.55 1.43 0.50 0.80 1.35 1.60 0.68 
G-17 0.71 1.67 2.10 0.38 1.00 2.19 1.92 0.84 
P-25 0.59 1.31 1.53 0.36 0.93 1.10 2.22 0.79 
P-26 0.32 1.24 1.03 0.34 0.60 4.36 2.45 0.51 
P-27 1.92 1.07 2.14 0.74 1.70 1.09 1.09 1.43 
P-28 0.28 1.89 1.15 0.42 0.48 0.79 1.66 0.41 
So-33 1.07 1.16 2.63 0.43 1.20 4.30 2.07 1.01 
To-43 1.02 1.16 1.27 0.85 1.27 2.20 0.99 1.07 
To-45 0.39 1.20 1.36 0.33 0.62 1.08 2.50 0.52 
To-50 0.77 1.87 0.72 2.55 1.08 0.16 0.28 0.91 
To-52 0.51 1.22 1.31 0.45 0.71 0.96 1.82 0.60 
To-53 0.29 1.24 1.40 0.24 0.53 1.44 3.32 0.44 
To-54 0.63 1.32 1.25 0.61 0.82 0.89 1.29 0.69 
To-56 0.64 1.18 1.40 0.47 0.78 1.07 1.65 0.65 
To-59 0.21 1.72 0.91 0.44 0.43 0.81 1.64 0.37 
To-60 0.18 2.34 0.73 0.67 0.37 1.73 0.96 0.31 
To-66 0.58 1.26 1.50 0.34 0.89 2.92 2.19 0.75 
To-67 3.69 1.40 0.90 3.79 2.77 0.54 0.20 2.33 
Sm-69 3.27 1.18 0.45 6.33 2.18 0.23 0.13 1.84 
Sm-70 3.71 1.28 0.15 18.45 2.32 0.04 0.04 1.95 
B-73 0.74 1.17 2.22 0.36 1.28 3.63 2.37 1.08 
8-75 0.78 1.42 0.72 1.60 0.91 0.53 0.44 0.77 
B-77 2.93 1.34 0.65 3.58 2.14 0.15 0.20 1.80 
8-79 0.89 1.16 1.38 0.43 0.90 0.93 1.72 0.75 
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Table 7.2. Rare earth element (REE) analysis (in ppm) of associated rocks (dolomitic limestone, 
shatc, ferruginous sandstone and quartzite) of the Lalilpur district. 
Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er 
No 
DOLOMITIC LIMESTONE 
4~.f 5.51 9.01 1.09 4.12 0.61 0.20 0.66 0.08 0.45 0.09 0.26 
To-62a 4.27 7.56 1.03 4.54 0.84 0.34 1.02 0.15 1.04 0.24 0.71 
To-63 3.13 5.96 0.77 3.43 0.62 0.36 0.74 0.11 0.69 0.15 0.37 
SHALE  
Tp4 29.31 57.49 7.58 30.22 7.37 2.14 5.45 1.07 6.20 1.28 343 
Pill- 5.82 9.41 1.11 4.06 1.04 0.44 1.30 0.39 2.84 0.60 1.63 
1114( 14.31 23.65 2.92 11.33 2.77 0.95 3.27 0.71 4.67 1.00 2.69 
Sd-83 12.42 25.31 3.61 15.39 4.53 1.55 3.93 0.93 5.74 1.15 2.54 
FERRUGINOUSSANDSTONE 
P-39b 4.67 7.93 0.86 5.03 1.43 0.45 1.33 0.17 1.25 0.21 0.45 
ibis 16.05 24.37 2.58 13.87 2.82 0.82 1.96 0.17 1.02 0.19 0.56 
QUARTZITE 
14 0.50 0.85 0.08 0.27 0.05 0.01 0.04 0.00 0.03 0.00 0.01 
p 0.39 0.69 0.06 0.24 0.04 0.02 0.04 0.01 0.03 0.00 0.01 




No Tm Yb La FREE FLREE THREE Ce/La Eu/Eu* Ce/Ce* 
DOLOMITIC LIMESTONE 
Gull 0.04 0.28 0.04 22.45 20.55 1.90 1.64 1.47 0.84 
To622 0.10 0.77 0.09 22.71 18.58 4.12 1.77 1.72 0.82 
To-63 0.05 0.36 0.04 16.79 14.27 2.52 1.91 2.43 0.88 
SHALE 
fl '4 0.63 3.76 0.66 156,59 134.11 22.48 1.96 1.58 0.89 
r•N• 0.30 1.84 0.30 31.08 21.88 9.20 1.62 1.73 0.88 
{11 0.58 3.84 0.64 73.34 55.93 17.41 1.65 1.43 0.83 
Sdd3 0.49 2.89 0.48 81.23 62.80 18.43 2.04 1.70 0.86 
FERRUGINOUS SANDSTONE 
P-39b 0.09 0.42 0.07 24.35 20.36 3.99 1.70 1.52 0.90 
1h45 0.10 0.60 0.09 65.20 60.51 4.69 1.52 1.63 0.87 
. _ QUARTZITE .. 
14 0.00 0.01 0.00 1.88 1.77 0.11 1.70 1.27 1.06 
X41! 0.00 0.02 0.00 1.54 1.43 0.10 1.76 1.64 0.86 





No. LsN/Smn  ErN/L,uN DyN/Smn 	Lsx/Yb.4 La/Nd Sc/La LuN/LIN LaN/Ndn  
DOLOMITIC LIMESTONE 
G-18 1.34 0.98 0.95 	1.43 1.34 0.72 0.63 1.13 
To-62a 0.75 1.15 1.57 	0.41 0.94 1.42 1.90 0.79 
To-63 0.74 1.35 1.42 	0.63 0.91 1.36 1.16 0.77 
SHALE 
Tp-4 0.59 0.77 1.07 	0.57 0.97 2.45 2.00 0.82 
P-40 0.82 0.80 3.47 	0.23 1.43 4.64 4.60 1.21 
B-81 0.76 0.62 2.14 	0.27 1.26 0.93 3.96 1.06 
Sd-83 0.40 0.89 1.61 	0.32 0.81 3.09 3.38 0.68 
FERRUGINOUS SANDSTONE 
P-39b 0.48 0.96 1.11 	0.82 0.93 0.22 1.31 0.78 
Ds-85 0.84 0.88 0.46 	1.98 1.16 0.07 0.51 0.97 
QUARTZITE 
0-2 1.41 0.74 0.76 	2.63 1.83 2.95 0.35 1.54 
P-29 1.59 0.89 0.99 	1.79 1.60 3.97 0.45 1.35 
So- 31 0.39 1.01 1.44 	0.36 0.70 1.10 2.60 0.59 
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Table 7.7. Minimum, maximum and average values of ran earth elements (REE,) (in ppm) of 
phosphorites, dolomitic limestones, shale. ferruginous sandstones and quartzltes of 
the Lalitpur district. 
PHOSPHORITES 	 DOLOMITIC LIMESTEONE 
Min. Max. Average Min. Max. Avenge 
Ia 0.49 83.89 8.97 3.13 5.51 4.30 
Ce 0.68 98.62 13.23 5.% 9.01 7.51 
♦! 0.10 9.93 1.58 0.77 1.09 0.96 
Nd 0.48 42.06 7.24 3.43 4.54 4.03 
Sm 0.09 8.71 1.36 0.61 0.84 0.69 
Eu 0.04 2.97 0.50 020 036 0.30 
Gd 0.14 9.35 1.50 0.66 1.02 0.81 
Th 0.03 1.12 0.19 0.08 0.15 0.11 
fly 0.17 4.95 1.03 0.45 1.04 0.73 
Ho 0.03 0.84 021 0.09 0.24 0.16 
Er 0.10 1.83 0.55 0.26 0.71 0.45 
Tm 0.01 0.19 0.07 0.04 0.10 0.06 
Yb 0.10 1.32 0.49 0.2* 0.77 0.47 
Lu 0.01 0.16 0.06 0.04 0.09 0.06 
Continued. 
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SHALE FERRUGINOUS QUARTZITE SANDSTONE 
Mia Mac. Avenge Mli. Max. Average Min. Max. Average 
to 5.82 29.31 15.46 4.67 16.05 10.36 0.39 1.39 0.76 
Ce 9.41 57.49 28.97 7.93 24.37 16.15 0.69 2.77 1.43 
Pr 1.11 7.58 3.80 0.86 2.58 1.72 0.06 0.39 0.18 
Nd 4.06 30.22 15.25 5.03 13.87 9.45 0.24 1.98 0.83 
Sm 1.04 7.37 3.93 1.43 2.82 2.13 0.04 0.52 0.20 
6o 0.44 2.14 1.27 0.45 0.82 0.64 0.01 0.11 0.05 
Gd 1.30 5.45 3.48 1.33 1.96 1.64 0.04 0.48 0.18 
Th 0.39 1.07 0.78 0.17 0.17 0.17 0.00 0.08 0.03 
Dy 2.84 6.20 4.86 1.02 1.25 1.13 0.03 0.59 0.22 
He 0.60 1.28 1.01 0.19 0.21 0.20 0.00 0.08 0.03 
Er 1.63 3.43 2.65 0.45 0.56 0.50 0.01 0.28 0.10 
Tm 0.30 0.63 0.50 0.09 0.10 0.09 0.00 0.03 0.01 
Yb 1.84 3.84 3.08 0.42 0.60 0.51 0.01 0.28 0.10 
La 0.30 0.66 0.52 0.07 0.09 0.08 0.00 0.04 0.02 
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Table 7.4, Correbtbt motriz for ek■tat cooceetntions is phosphorites of the Uutpur dbtrict. Both positive aid aegative sigoitkant correbtias art highlighted. 
La Ce Pr Nd S. Eo Gd Tb Dy Ho Er To Yb u 
La 
Cc 0.966 
Pr 0.958 .995 
Nd 0.892 0.970 0.983 
Su 0.613 0.780 0.809 0.902 
Er 0.429 0.619 0.658 0.780 0.969 
Gd 0.544 0.726 0.157 0.862 0.996 0.982 
Tb 0.378 0,584 0.623 0.753 0.958 0.919 	0.979 	1 
Dy 0 241 0.455 0.506 0.646 0.892 0.936 	0.926 	0.980 	I 
Ho 0.202 0.400 0.458 0.596 0.843 0.891 	0.882 	0.950 	0.991 
Er 0.206 0.382 0.445 0.571 ON 0.830 0.829 0,901 ON 0.981 
To 	0.130 	0.287 	0.357 	0.475 	0.681 	0.730 	0.729 	0.817 	0.903 	0.949 	0.983 
Yb 	0.158 	0.306 	0.374 	0.484 	0.675 	0.706 	0.714 	0.797 	0.882 	0.930 	0.973 	0.994 	1 
IA 	0.135 	0.213 	0.340 	0.442 	0.621 	0.648 	0.661 	0.148 	0.842 	0.891 	0.949 	0,985 	0.995 
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Tall? 75. CorrelMioo matrix for element conentritima Ii asioeiSted rocks of the Liopur district Both positive and ugative siguf&c.l sorrS ona are 
highllgntrd, 
W Ce Pr Nd Sr Eu Gd Tb Dp No It Tm Yb Lu 
L 
ci .991 
t{ .974 .995 1 
1W .983 ,995 .992 
• 954 .978 915 .989 I 
Ii .933 .959 .971 .972 .992 I 
111 .930 950 .960 .934 ,976 .988 I 
11 .830 .865 193 164 .913 .943 .967 I 
D~ 8W U2 .859 .829 .883 .919 .951 .996 I 
K. .801 iii .857 .823 .874 .911 947 994 .998 I 
Ii .813 140 .864 .829 .873 .907 .946 .990 .994 998 
Ti 806 824 .842 .804 344 .877 .930 973 .981 .989 .993 1 
11 i9 .802 .819 .778 .813 849 .91I .956 .967 .977 .914 .997 I 
Lu .803 .818 .834 .793 .829 .838 .917 .960 .969 977 .984 .998 .998 1 
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CHAPTER-VIII 
GENESIS OF PIIOSPNORITES 
8.1 GENERAL STATEMENT 
l'he genesis or origin of phosphorites is a controversial problem. The 
complexity of the processes involved in the formation of marine phosphorite deposits 
has been the subject of study by a large number of investigators for a fairly long time. 
Several divergent views regarding the deposition and accumulation of phosphorites 
have earlier been put forward. The origin of phosphorites is not well understood and 
over the years there have been several hypotheses for their origin that include 
biological, chemical and volcano-sedimentary influences (Cook and Shergold, 1990; 
Papineau. 2010). Many phosphorite deposits in the ocean occur in areas of upwelling, 
where phosphate. regenerated from the recycling of organic matter in the deep ocean, 
is brought to coastal areas and triggers blooms of primary productivity such as along 
the coasts of Namibia (Bremner and Rogers. 1990) and Peru-Chile (Veeh et al., 
1973). 
Non-upwelling areas such as estuaries and semi-restricted embayments can 
also be host to phosphate deposits or authigenic carbonate fluorapatite (Bremner and 
Rogers. 1990). During early diagenesis, phosphorus can be released from organic 
matter, but also from iron oxides under anoxic conditions, both of which may play a 
role in phosphogenesis (Ingall and Jahnke. 1994; van Cappellen and Ingall, 1994). 
Oceanic islands and seamounts can also host for sedimentary phosphorites because 
these sites expose sediments to oxygen minimum zones (Glenn et al., 1994). 
Another possible link in the model for phosphogenesis is major glaciations. 
during which post-glacial oceanic overturn after thawing could drive a rise in sea 
level and upwelling of phosphorus-rich bottom waters (Cook and Shergold, 1984: 
Glenn et al.. 1994. Papineau, 2010). Many Paleoproterozoic phosphorites occur 
during marine transgressions and rising sea levels generally follow major glaciations. 
Transgressions ma, favor the deposition of phosphate deposits by creating new 
restricted basin configurations and increased nutrient input liom weathering or 
upwelling. Massive input of fresh water loaded with nutrients. cations and anions 
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from chemically weathered continental rocks should result in a stratified water 
column and favor oceanic overturn. It has also been suggested that the lack of 
bioturhation in the Precambrian may have permitted shallow water phosphatization 
and that the introduction of bioturbation in the Cambrian would have contributed to 
deepening of the anoxic alkaline conditions necessary for phosphate precipitation 
(Brasier and Callow. 2007). Significant enrichment of phosphorus from seawater by 
microbial activity and the recycling of this organic matter in sediments may be one of 
the important factors for the formation of sedimentary phosphorites. 
Phosphate minerals of the apatite group constitute the majority of the 
phosphates of commercial grade. In sedimentary basins, they are formed: (i) by early 
diagenetic decomposition of organic matter, occurring in the form of angular to well-
rounded nodules and pellets and also as organic matter replacements sometimes 
hosted by silica-rich rocks of biogenic origin (diatomite) or their diagenetic products 
(chert) (Piper et al., 1995; Medrano and Piper, 1997; Walker and Owen, 1999), (ii) by 
transfer of phosphates adsorbed onto iron and manganese oxyhydroxides, which are 
adsorbed upon burial and reduction of the iron and manganese compounds (O'Brien 
et al., 1990), (iii) by direct precipitation of inorganic phosphate in the early diagenetic 
environment (Follmi, 1996). 
Hence, there are three main schools of thought regarding the genesis of 
phosphorites. Some propose an organic origin based on their association with true 
coprolites and skeletal materials. Others proposed a replacement from shells and 
sponges (Gulbrandsen. 1966: Krauskopf. 1967; Validya, 1972). Another school of 
thought proposed an inorganic origin of phosphorites (McKelvey, 1967; Yochelson, 
1968). 
The area under study has also been investigated by several workers and 
various views regarding the origin have been put forward. According to Banerjee et 
al. (1982), the Precambrian phosphorites of Bijawar Group of rocks show 
characteristics of an epicontinental sea with restricted and very shallow marine 
environment of formation along some shoals, which existed during the iron-rich 
Precambrian times. lie also considers that basic volcanism provided ingredients for 
the enrichment of phosphates in the basinal waters of' Rijawar basin. Bushinski 
(1964). while emphasizing the role of rivers for rich concentration of dissolved 
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phosphates also indicates volcanic exhalations as a possible source. Evidences of 
intermittent volcanism during sedimentation of' Sonrai formation. Kurrat volcanic. are 
coeval to Rohini Carbonate. 
According to Srivastava (1989). the sedimentary-volcanic assemblage of 
Bijawar basin in Sonrai area shows distinct lithological associations. A dominant 
carbonate facies with varying degree of terrigenous admixture of sand, silt and shale 
is characteristic of the lower Sonrai Formation, while the upper Solda Formation 
comprises of Iron Formation. Sedimentary features such as cross bedding, ripple 
marks, scour and till structures, intraformational breccias along with abundant 
bedding control sulphides and associated carbonaceous beds suggest that the entire 
sequence of Sonrai Formation was deposited in a shallow water restricted 
environment of an intracratonic basin. 
According to Riggs (1979), the phosphate minerals are concentrated in 
specific beds, interbedded with barren rocks of same composition in the Sonrai 
Formation. Such occurrences suggest that there were major pulsed which brought 
dramatic changes within the environment of deposition for precipitation of phosphate 
minerals. The distribution of phosphorite beds as discontinuous lenses is largely 
controlled by basinal topography. It is therefore, proposed that basic volcanism during 
sedimentation of Sonrai Formation may have contributed to enriching the bottom sea 
water in phosphorus and localized upwelling near basement highs brought in 
phosphorus rich nutrient water to the site of deposition. 
According to Pant et al. (1989), the lithological character of some rocks, 
particularly the reddish shales. indicates oxidizing conditions, but the occurrences of 
micritic and pyritiferous dolomites and black pyritiferous shales suggest reducing 
conditions for deposition. He also studied that the Bijawar Basin, which formed an 
epicontinental sea, had restricted connection with open ocean and apatite-rich granite 
rocks were exposed in the nearby provenance area. Consequently, upwelling could 
have resulted in the deposition of the phosphorite. He found that there is meagre 
evidence for the presence of any algal or other organic life within these sediments, 
suggesting that the origin of phosphorites by biogenic processes is untenable. 
'l'heretOre. the main source of the phosphate could be attributed to both land and deep 
sea. I he apatite-rich granites in the provenance area, having been subjected to normal 
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hydro-chemical weathering. would enrich the river water with dissolved phosphate, 
which would be added to the semi-restricted epicontinental basins. Also. phosphate-
rich upwelled water from the sea could enter the semi-restricted basins. The 
deposition of phosphorite took place at different times during Bijawar sedimentation. 
wherever and whenever favorable geochemical and by drographic conditions 
permitted, resulting in the formation of phosphorite beds and lenses at different 
stratigraphic levels. 
According to Sharma (2000); Jha et al. (2010), the Sonrai Basin formed by 
continental rifting and upliftment of the Bundelkhand Basement Complex, swiftly 
filled in the initial stage by coarse sediments, forming brecciated quartzite in the 
lower unit. The increased sediment load resulted pressure on the basement, causing 
reactivation of rift volcanic activity, represented by Kurrat volcanics as intrusion in 
Sonrai Formation. 
According to Banerjee et al. (1982) the phosphorites of Sonrai basin of 
Lalitpur originated along restricted shoals in littoral basins of the intracratonic sea 
which fringed the margins of the Bundelkhand granitic craton. The shallow nature of 
the basin has been interpreted on the basis of occasional rippled sandy surfaces, 
current cross-laminations, horizontal and wavy laminations in the silty layers and 
primary parallel laminations and raindrop-imprints on the ferruginous shales. The 
environment was highly oxidizing, as evident from the abundance of hydrated and 
non-hydrated iron oxides, inspite of the fact that the basin had a restricted circulation. 
This also explains an observed fact that the organic matter contribution to the 
phosphate precipitation was negligible and the water depth of the sedimentation basin 
was extremely shallow, with occasional subaerial exposures. 
In the light of the foregoing views of phosphorite genesis, an attempt has been 
made to discuss the geologic, biogenic and chemical controls on the formation of 
phosphorites of the study area. 
8.2 GEOLOGICAL CONTROLS 
According to Papineau, (2010). a surge in tectonic activity appears to have 
occurred during the assembly of' large continental landmasses in the Neoarchean 
(possibly one or more supercontinents) and %%hen these began to break up in the 
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earliest Paleoproterozoic (Aspler and Chiarenzelli. 1998; Blccker, 2003; Zhao et el., 
2004; Barley et al., 2005). The consequences of high tectonic activity combined with 
glaciations in the Paleoproterozoic likely caused increased chemical weathering rates. 
Over geological timescales (i.e., tens of millions to a few hundreds of millions of 
years), increased delivery to seawater of sediments eroded from continental crust 
naturally brings more phosphate since rivers provide the most important source of 
phosphorus to the oceans (Follmi, 1996). If periods of increased chemical weathering 
can be caused by elevated tectonic activity or major glaciations, or both, then 
greenhouse climate conditions can increase the supply of phosphorus to the oceans 
and provoke phosphogenesis. 
According to Baturin and Derkachev, (2008) one of the hypotheses on the 
origin of phosphorites suggests that products of volcanic and hydrothermal activities 
are phosphorus sources. The cases when phosphorites are associated with volcanic 
rocks (Dzotsenidze, 1969; Brodskaya, 1974) were adduced as evidence in support of 
this hypothesis. However, some opponents do not consider these facts as indications 
of the cognation of phosphorites and volcanic rocks (Kholodov and Butuzova, 1999). 
According to Geijer, (1962) an abiotic precipitation of phosphorites (apatite) 
should be possible under some geologic control; it was thought that apatite may 
characterize the Precambrian phosphorite deposits, where there was little possibility 
of contribution of phosphate by the remains of organic hard parts. In Lalitpur area, 
abiotic phosphorites might have originated due to geological controls and by direct 
inorganic precipitation during marine environment in the Bijawar basin and this 
feature also indicated the early Precambrian age of these sediments. 
According to [.fang and Chang (1984). there are two models of deposition of 
phosphorites and its host rocks in an appropriate medium, viz., (i) if the medium is 
slightly acidic to alkaline, the depositional order will be (from bottom to top); 
dolomite, phosphorite, limestone (calcite); and silica (quartzite and chert, etc.); and 
(ii) if the medium happens to be alkaline to acidic, the depositional order will be 
(from bottom to top); silica, limestone. phosphorite and dolomite. The stratigraphic 
sequence of deposition (flan bottom to top) in the Lalilpur area is quartzite, 
sandstone. dolomitic limestone, dolomite, shale, lerruginous sandstone, quartz breccia 
and phosphorites. This sequence is somewhat similar to the second model of 
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deposition proposed by Liang and Change (1984) and indicates slightly alkaline to 
weakly acidic medium of the basin. 
Sheldon (1964a) was first to point out that the palaeolalitudinal distribution of 
ancient phosphorites matches the latitudinal distribution of young phosphorites, with 
both falling within 40° of the equator. Subsequently, Sheldon (1964b) applied 
palaeolaiitudes and palaeogeographic reconstructions to the search for new phosphate 
deposits. The palaeolatitudes of all deposts show a spread from about 0° to 70°, but 
maximum deposits lie with in 200  of the palaeoequator with a range from 100  to 20°  
from the Equator. this supports the view that phosphate deposition was most 
abundant at low latitude locations with a preference towards a subequatorial (100  to 
201 location rather than an equatorial one (00  to 10°) site (Cook and McElhinny, 
1979; Birch, 1980; Al-Bassam of al., 1983). 
The phosphorite deposits of Lalitpur lie between latitude 24° 11'N and 25°  
l3'N indicating wane and dry palaeoelimatic conditions with low latitudes, 
epicontinental sea basin along the ancient continental margin. It may also be 
suggested that the basinal uplifting might have caused the initiation of the 
geosynclinal conditions followed by platform structures on which the phosphatization 
took place. 
Most of the Proterozoic phosphorites as barring Bijawar phosphorites are 
grayish black mircosphorite, closely associated with manganese and iron-oxides 
(mainly goethite) in Rajasthan and base metal sulphides in Cuddapah. The shallow 
littoral environment (Banerjee, 1971; Chauhan, 1979; Banerjee et al., 1980) explains 
abundance of Mn and iron oxides and the presence of organic matter. The absence of 
organic-matter in Bijawar phosphorites and reddish brown colour of the ore indicate a 
shallow water and highly oxidizing enviromnent (Banerjee et al., 1982; Saigal and 
Banerjee, 1987). Abundant iron oxide indicates oxidizing conditions, where as pyritic 
foraminiferal fillings suggest reducing conditions in microenvirotnnents (Birch, 1980; 
Jarvis, 1980; Al-Bassani et al., 1983; Bhattacharya and Sengupta, 1984). 
According to Pitawala et al. (2003) the presence of major quantities of apatite 
and considerable amounts of iron bearing minerals of Eppawala phosphate deposits of 
Srilanka suggest that the host rocks have genetic links to an igneous source rather than 
to an intensely metamorphosed limestone. The Lalitpur phosphorites show the 
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adequate quantities of apatite and iron bearing minerals which suggest that there is 
genetic link to an igneous source, i.e. Bundelkhand source, which is also supported by 
Khan et al. (2012a) 
In the study area, the Iron Formations are the product of near shore, oxidizing 
environment. The presence of hematite, iron oxides content indicated the humid to 
arid, shallow marine conditions of the Bijawar Basin as also reported by (Morris, 
1986; Bandyopadhyay and Roy. 1987). 
Several workers considered sedimentary structures like herring bone current 
bedding, lenticular-flaser-wavy bedding, cross and thin parallel laminae, ripple marks. 
mud-cracks, etc to he a good indicators of shallow water and tidal depositional 
features (Banerjee, 1971; Cook, 1972; Bhattacharya and Sengupta, 1984). The 
presence of all these sedimentary structures in the Lalitpur phosphorites indicate the 
same depositional envirot rental conditions as also reported by Srivastava (1989). 
In the Lalilpur phosphorites, the occurrences of hematite, iron-oxides and 
ilmenite supported the fairly oxidation environment of the depositional basin. The 
association of phosphorites with shales, ferruginous sandstone and quartz-breccia and 
lithofacies variations inidicated the intertidal to supratidal with restricted circulation. 
It also indicates the paleoclimaitic and palaeo-bathymetric conditions to post-
depositional processes of the Bijawar basin. 
8.3 CHEMICAL CONTROL 
According to Subramanian (1980), most of the world's phosphate production 
comes from marine phosphates. Hence any treattnent to explain the mechanism of 
phosphate formation should take into account the physical chemistry of the sea water. 
In general association with the carbonate minerals and the presence of black shale and 
pyrite can easily be explained in the light of various mineral equilibria in the system 
containing COQ 2, PO(3 and S 2. The effects of P and T conditions on such equilibria 
can explain the occurrence of various deposits in the deeper part of the marine, 
environment. 
According to Burnett (1977); Jiang et al. (2007) marine phosphate deposits 
occur along many of the continental margins in the world as nodules. irregular 
masses, pellets and oolitcs. The origin of these phosphate deposits has long been 
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debated. Few early investigators invoked direct inorganic precipitation of marine 
phosphorites from seawater. Marine phosphates may precipitate from porewaters of 
anoxic sediments. Burnett (1977) suggested that the phosphate content within the pore 
waters is generally higher than the overlying bottom waters by several orders of 
magnitude. Experimental data have shown that Mgt ions inhibit the precipitation of 
apatite (Martens and Harriss, 1970), but diagenetis reactions could significantly 
deplete anoxic pore waters of Mgt+ that raise the Ca/Mg ratios of the pore waters to 
the point where apatite may precipitate (Burnett, 1977). 
According to Baturin (1972); Gulbrandsen et at (1984); Ece (1990) the 
formation of apatite in interstitial waters of anaerobic sediments is favored by a 
number of factors: (i) crystallization of apatite requires a time factor that overcomes 
the inhibiting effect of Mg in interstitial waters, (ii) the p11 in interstitial water (-7.2) 
is lower than that in the sea water (up to 8.3), before or after apatite crystallization, 
respectively. Also, the pH of the solutions following precipitation remained constant 
in the range 7.3-7.8 during experimental studies, (iii) depending on the initial 
composition of the nucleus, the rate of apatite crystallization could increase, 
especially on the calcite and heterogeneous matrix. 
The local conditions suitable for the formation of marine phosphorites can be 
summarized as relatively higher than average phosphate concentration in solution that 
should be kept from dilution by detritals and normal seawater. A relatively high pH 
value (higher than 7.0), high concentration of calcium and a high Ca/Mg (higher than 
5.2) are considered to be available either in solution or as time mud (Gulbrandsen, 
1969; Martens and Harriss. 1970; A1-Bassam and Hagopian, 1983). Several authors 
have found that the conditions prevailing in the interstitial environment of soft 
sediments are more suitable for the deposition of phosphate in early diagenesis than 
those of the overlying open marine environment (Summerhays, 1970). The anaerobic 
decay of the organic remnants starts directly after burial and this process results in 
increasing the concentration of dissolved phosphorus in pore solution and elevating 
the pH value due to the formation of ammonia. Furthermore, the Ca/Mg ratio in such 
environments can be suitable for the deposition of phosphate from Western desert, 
Iraq (Al-Bassam and Hagopian, 1983). 
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In the study area, during early Precambrian time the oxygen-minimum layer 
Wright have present on the oceanic floor and through slow oceanic upwelling currents, 
it might have exposed in the shallower parts of the Bijawar basin in which highly 
oxidizing environment helped the precipitation of phosphorites. On the other hand, 
slow sedimentation and poor supply of detrital material may be another factor for the 
final phosphatization of apatites in these rocks as also reported by Emelyanov and 
Senin (1969); Piper and Codispoti (1975); Jarvis (1980). 
Thus, the chemical factors triggering the formation of phosphorites are 
reviewed and discussed. The following chemical factors are supposed to be effective 
in controlling the formation and deposition of the phosphorites of the study area: 
8.3.1 EFFECT OF pH and Eh 
The acidity or alkalinity of an environment is an important factor in 
determining whether or not certain minerals will precipitate (Pettijohn, 1984). 
Kxumein and Gancls (1952) had taken a pH of 7.8 (about that of sea water) as 
`limestone fence'. The precipitation of phosphorites takes place at pH value of about 
7.1 and that of calcium carbonate at pH values between 7.1 and 7.8. Simultaneous 
precipitation may also take place when pH is about 7.8, but the ratio of calcium 
carbonate would be much higher in this case due to its high absolute solubility 
(Krumbein and Garrels, 1952; Campbell, 1962). McKelvey et a]. (1953) while 
discussing the genesis of phosphorites of the Phosphoria Formation of North America 
remarked that when cold phosphate-rich water upwelled into the larger shelving 
embayntent from the ocean, phosphorite was deposited from these ascending waters 
as their pH increased along with the increase in temperature and decrease in partial 
pressure of CO,. The carbonates were deposited from these waters when they reached 
more shallow depth at somewhat higher pH. Thus, it is reasonable to derive that 
chemical environment of phosphate precipitation is principally dependent upon pH 
conditions and controlled by variation in the partial pressure of CO2. 
According to Briggs and Wilby (1996); Trappe (1998); Dornbos (2011) 
sediment pore water is typically saturated with respect to phosphate. Under normal 
seawater pH conditions (-8) calcium carbonate is more stable than phosphate and 
thereby inhibits phosphate precipitation. One way in which phosphate can precipitate 
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is if the pH of the pore waters is reduced to around 7, which destabilizes calcium 
carbonate and allows phosphate to begin precipitating. It is thought that bacterial 
metabolic processes serve to lower the pH of the pore waters during this process, 
which also results in the release of phosphate that is bound to iron hydroxides derived 
from continental weathering (Baturin 1999; Sagemann et al. 1999; Briggs 2003; 
Dornbos 2011). 
At pH value of 7.5-8.0 this precipitation could take place with a Ca/Nfg ionic 
ratio (? 5.2). which is greater than that found in sea water (-0.20). Nathan and Lucas 
(1976) confirmed this lower limit of 5.2 for the Ca/Mg ratio for sea water with a pH 
value of 78-8.1. 
According to Garrels and Christ (1965) increase of pH causes coprecipitation 
of both calcite and apatite and the calcite/apatite ratio will be higher. Since Ca'2, 
P041  and CO f' have single valence states, changes in Eh cannot produce separation 
into carbonate rich and phosphate rich layers. Hence the individual enrichment would 
have to take place within a narrow pH range. Relative to CO3 r, the Ca3 (PO4)2 is less 
soluble (the solubility product of CaCO is 4x 10-9 as against 1.3x 103a for Ca3 (P01)2. 
Hence, in the pH range 7-7.5, Ca3 (PO4)2 can first precipitate while C012 remains in 
solution so long as the pH is buffered in that range. When pH increases to 8, CaCO3 
will precipitate. 
The narrow pH buffering required for the carbonate and phosphate separation 
can be generated by the tidal cycles whereby the continent derived fresh water (pH-
6.15) and the open ocean water (pH-8. 1) can mix in changing ratios to give a less 
alkaline water to precipitate the carbonate and the phosphate minerals. This perhaps is 
the geochemical process termed as intertidal (Turekian, 1968). 
In general. the sediments are deposited under either oxidizing (aerobic) or 
reducing (anaerobic) conditions. The measure of the oxidizing capacity of an 
environment is the Eh or oxidation-reduction potential. According to Krumbein and 
Carrels (1952), the oxidation reduction surface, a plane separating the oxidizing and 
reducing environment, may be above or below the sediment water interface or 
sometimes coincide each other. In strong reducing environment it is above the mud 
water interface. 
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The primary precipitation or replacement of Ca; (P0.~)2 need not to be 
influenced by Eh. I he state of oxygenation in a given environment indirectly plays a 
role of controlling the rate, extent and nature of release of P From other sinks in the 
oceans. For example. it is observed that P has a strong tendency to be associated with 
Fe in many aquatic environments. 13ortleson and Fred Lee (1974) have indicated that 
Fe and P are positively correlated in lake sediments and that the oxidation conditions 
will control the rate of Fe in either mobilizing or releasing P to the water. 
Subramanian (1976) has suggested that Fe and P are cogenetic in fresh water as well 
as in estuarine environment. While Nriagu (1972) has experimentally verified the 
role of Fe in P mass transfer in the aquatic environment. In a very highly oxidizing 
environment. Fe*3 removes P from water by the formation of sorbed complex on Fe 
(OI-1), thereby making available only a small amount of PO4'; for Ca 2 to form apatite 
in the marine environment. Hence, for the continent-derived P to reach the ocean for 
apatite precipitation the rivers should have positive but not extreme oxidizing and 
acidic conditions. Changes in these parameters may trap the dissolved PO4'3 in the 
estuarine region where the P could be sorbed by Fe (OH)3 or clay minerals. 
In the Bijawar Basin, the presence of quartz and secondary silica content 
might have been controlled by pH of the basinal water and association of CO2 in the 
carbonate-fluorapatite phase of cellophane in these phosphorites indicated the near-
shore depositional environment in which the shrinkage cracks were developed. These 
features supported the digcnctic origin of these phosphorites (Saigal and Bancrjee, 
1987: Banerjee and Saigal . 1988). 
In the study area. it has been observed that the phosphate, carbonate and silica 
have been occasionally found mutually replacing each other. This could be explained 
possibly by a change in the physico-chemical conditions of the precipitation of the 
phosphate, carbonate and silica controlled by the pH of the marine environment. A 
little change in the pH of 7.8 might facilitate the formation of one or the other of these 
three sediments. Thus, pH in the study area presumably fluctuated around 7.5 to 8.5 
(Sri%astava, 1989) as phosphate rocks indicates pH values less than 7.8 but the 
associated dolomite and calcite indicate p11 values greater than 7.8. 
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8.3.2 EFFECT OF GEOCHEMICAL BEHAVIOR OF SIGNIFICANT 
MAJOR, TRACE AND RARE EARTH ELEMENTS 
According to McArthur (1985): Khan and Mukherjec (1993), the 
concentration or depletion of major. trace and rare earth elements in phosphorites 
depends on several factors such as, (i) their mobility with respect to apatite, (ii) 
substitution in fraiwolite structures, (iii) associated mineral assemblages (iv) 
absorption process and effects of secondary process, (v) type and amount of 
weathering. Thus, the knowledge of geochemistry of phosphorites is helpful in 
understanding the genesis and post-depositional changes that have affected this 
deposit. 
The geochemistry of phosphorites and their constituent mineral francolite have 
been widely studied owing to their economic importance and potential utility to 
estimate palco-marine chemistry (Donnelly at al., 1990). 1'he chemical composition of 
carbonate lluorapatite is highly variable because its crystal structure allows a variety 
of substitutions (McClellan and Lehr, 1969). Variability in chemical composition of 
francolite may reflect difference in original composition, modification during 
diagenesis or weathering (Jarvis et at., 1994; Baioumy, 2007). 
According to Price and Calvert (1978); Daessle and Carriquiry (2008) during 
the mineralization processes of the phosphatic particles a number of dissolved 
chemical elements from the surrounding ocean waters can be accepted into their 
mineral structure. Elements like Bat+; Cd~~, Mn' Zn2+, Y'+, U°` and the REE may 
substitute for Ca''. Others, such as VO43 and Cr042 may substitute for P043 F• The 
geochemistry of these elements in francolite minerals has been used as atool to assess 
the paleoccanographic setting in which they were formed (e.g., metal sources, water 
composition, redox potential). 
Phosphorites, in general, show enriched concentration of trace elements 
relative to average shale (Turekian and Medepohl, 1961). Enriched concentrations of 
Ba, Cu. Ni and Zn in the phosphorites of the Namibia and Peru margins have been 
considered to be typical of organic matter, derived from marine plankton (Price and 
Calvert, 1978; Froelich et al.. 1988; Khan et al., 2012a). These elements are depleted 
in Lalitpur phosphorites in comparison to the average shale and phosphorite of 
Quaternary off southeast coast (Rao et al., 2002); phosphorites (Burnett, 1977; Piper, 
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1991); phosphate stromatolites (Martin-Algarra and Sanchez-Navas, 1995) formed 
under the influence of upwelling. This indicates that planktonic organic matter may 
not be the prime source of these elements in the Lalitpur phosphorite deposits. Since 
the sediments hosting phosphorites of Lalitpur were hormed in shallow marine 
conditions, some of these elements may have recycled hack to the overlying water 
column during sediment diagenesis in oxygenated environments Khan of al. (2012a). 
Several workers reported variation in trace element distribution during sediment 
diagenesis and suggested that certain trace elements recycled hack to the water 
column in oxic conditions and retain the sediments under anoxic conditions 
(Callender and Bowser, 1980; Klinkhammer et al.. 1982; Emerson et al., 1983; Rao et 
al.. 2002; Khan et al.2012a). Ph, Zn. and Mo are generally associated with sulfide 
minerals in phosphorites. these elements are below the detection limit in Lalitpur 
phosphorites. X-ray diffraction studies do not exhibit the presence of sulfide minerals 
in the Lalitpur phosphorites. Therefore, it is suggested that strongly reducing 
conditions were not prevailing at the time of phosphorite formation. 
According to Slansky (1986) if the CaO/P205 ratio is greater than 1.31, that 
may be either due to the substitution of PO4 by CO3 in the apatite, or to the presence 
of calcite or dolomite in the phosphorites. In the study area, most of the samples of 
phosphorites have CaO/P205 ratio greater than 1.31, the most common substitution is 
that of POa 3  by C032 . X-ray diffraction studies also indicate the presence of calcite 
and dolomite. Few samples of phosphorites and associated rocks show CaO/P205 ratio 
below 1.32 for end member fluorite indicating the deficiency of CaO in the sample 
which could be balanced by A1203. This is also in accordance to the findings of 
Bancrjce and McArthur (1991). 
In the study area, the phosphatization might have dependent on the physico-
chemical conditions of the basinal sea-waters taking place during shallow marine 
environmental conditions. The little presence of organic matter supported the direct 
inorganic precipitation of phosphorites (Mason, 1958; Lerman et al., 1975; Pettijohn, 
1984). In the study area, the higher concentration of CaO in the phosphorite samples 
supported the basic chemical composition of apatite which was mostly precipitated by 
direct inorganic process during early Precambrian age (Krauskopf 1967). 
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Variation trend in the P105  concentration in the samples of shales, ferruginous 
sandstone and quartz breccia of the area indicate a long range of climatic conditions 
and highly oxidizing to slightly reducing environment of the sedimentary basin. The 
same interpretation has also been given by earlier investigators as Parker (1975); 
Lucas and Prevot, (1975); Mulline and Rasch. (1985). The presence of tow content of 
A1201 in the samples of phosphorites of the study area indicated the and to humid 
climatic conditions. 
In the present study, the progressive positive relationship between CaO and 
PROS supported the documented mutual substitution in the internal structure of 
apatite. This relationship also indicated the diagenetic origin of phosphorites during 
highly oxidizing and alkaline basinal sea water (Howard and Hough, 1979; 
Altschuler, 1980). 
The weak negative correlation of P,OS with A1203 in the area supported the 
presence of gangue minerals in the phosphorites. Secondly, the episodes of 
weathering of primary phosphorites indicate the existence of Aluminum (AI+3) 
content which might have replaced the part of the calcium (Ca") from the apatite 
crystal lattice. Additionally the negative relationships of P,Oc with the K20 in these 
phosphorites and associated rocks may be due to the minor substitution of K20 by 
CaO and Na20 as also supported by Cook (1972). The absence of millisite (final 
product of clay mineral) and wavellite (final product of aluminum-phosphate) in the 
samples of Lalitpur area indicate that there is no final neomineralization processes in 
this area. According to Vallentyne (1974); Banerjee et al. (1982); Rao et al. (1987) 
this process might have related to tectonic uplifting base of the Bijawar basin. 
Weak to strong negative relationship have been noted between P205 and Fe203 
in phosphorites and associated rocks of the area. This relationship confirms That iron 
belongs to outside of the apatite lattices and is a product of marine, highly oxidizing 
and shallower parts of the basinal-sea. It may also be due to predeposition of hematite, 
ferruginous cement and iron-oxides which are the gangue constituents of the 
phosphorites. The same inference has also been given by earlier workers as Cook, 
1972; Laajoki and Saikkonen (1977); Cook and McElhinny, (1979); Banerjee and 
Saigal, (1988). 
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The same weak to strong relationship has also been observed between P205 
and SiO, in phosphorites and associated rocks which might be due to external location 
of Si02 in the apatite lattices and mutual substitution of PO4 by SiO2 during fairly 
oxidizing, shallow marine conditions of the Bijawar basin. This substitution may be 
due to closer ionic radii of Si { and Pte' and charges of Si" and PO4 as suggested by 
several other workers (Khan et al., 2012a). These findings are corroborated to a 
greater extent with those of Danerjee et al. (19R2) who suggested that the secondary 
silica precipitation in the phosphorites of Lalitpur area was controlled by diagenetic 
processes (Cook 1972; Manheim et al., 1980; ianerjee et al., 1982). The higher 
concentration of Si02 in few phosphorite samples may be due to silicification of ores 
by diagenetic process in the sedimentary basin (Khan et al., 2012a). 
The chemistry of the phosphorites of Lalitpur district shows that the 
concentration of Fe203 is slightly more than that of MnO suggesting fairly oxidizing 
conditions of the basin which is also supported by Khan et al. (2012a). 
It has been observed experimentally by Marten and Harris (1970) that Mg~Z 
ions inhibit the precipitation of apatite probably because Mgt{ compete with Caz+ in 
the apatite structure. Marten and Harris (1970) deduced some threshold values for the 
Ca/Mg ratio necessary for apatite to precipitate from solution. The magnesium ions 
seem to retard the reaction (salinity) when Ca/Mg ratio approaches to 4.5 to 5.2. This 
ratio remains almost constant in normal sea water. Pore water is, however, known to 
vary greatly from the sea water values. Thus, it seems that digenetic reaction 
occurring with anoxic sediment could raise the Ca/Mg ratio to the point (>5.2) when 
phosphate may precipitate. 
The experimental results suggest a path way for the genesis of apatite and 
indicate conditions for its formation, which could prevail within the sediments in very 
shallow water during the very early digenetic stage (Morse, 1979; Lucas, 1984). In the 
study area, the high Ca/Mg ratio may be due to preferential entrance of Ca+2 ions in 
the carbonate apatite. 
P205 shows a negative correlation with MgO in the phosphorites of the area 
which indicates the substitution of divalent Ca" by Mg}' in the saline, marine sea-
water conditions and reflects the palaeosalinity of the Bijawar basin. This relationship 
was thus responsible for inhibiting MgO on the apatite diagenesis in the shallow water 
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during early stages of formation of apatites. This also reveals the rhythmic alteration 
of Mg-poor and P-rich' layers in these phosphorites as discussed by Gulbrandsen 
(1969); Banerjee (1978); Lucas (1984). 
In the study area. P,05 shows a progressive positive relationship with some 
trace elements in the phosphorite samples. In the light of discussion by McArthur, 
(1980): Kolodny (1981); Banerjee et al. (1982); Saigal and Banerjee (1987) it may be 
interpreted as (i) both the elements have chemical coherence in the sedimentary 
environment; (ii) the absence of stromatolites, glauconites and meagre evidence of 
organic matter in the phosphorites of Lalitpur area does not favour the highly 
reducing environment of the basinal waters, but on the other hand, it can be suggested 
that these sediments were finally precipitated during highly oxidizing to slightly 
reducing environment; (iii) precipitation of apatite might have taken place in the low 
lying, stable areas where physiographic/topographic depressions, voids/cavities, 
synclinal folds, minor/false unconformities controlled the phosphatization process, 
due to slow influx of detrital material; (iv) the higher content of U among these 
phosphorites may be due to mild weathering of the ores in which the secondary 
environment is clearly responsible, which took place in the ferruginated oxidizing 
zone. 
The concentration of U in phosphorites and associated rocks of the area may 
be due to more remobilization nature and its precipitation from hexavalent (W6) to 
tetravalent (U`') state indicating slightly reduced condition. It may be possible that 
some part of the U+4 has been replaced by Ca+2 and Al" in phosphorites and 
associated rocks of the area during fairly oxidizing to slightly reducing environmental 
conditions. It indicates that the uranium may be present in both the U+4 and Uf6 states, 
but unfortunately no independent uranium phosphate mineral is reported by 
petrological and XRD studies. On the other hand, the uranium in the phosphorites 
may be present as adsorbed states by huge varieties of collophane and iron minerals. 
The depositional environment might have shallow marine oxidizing conditions and 
the rate of the sedimentation on the continental border land or margins was very low. 
Episodes of weathering/leaching of the primary ores on the on-shore environment 
might be responsible for the secondary enrichment or uranium in phosphorites. This 
type of alteration of primary ores took place generally above the Iron Formation 
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during Early to Middle Proterozoic time all over the world (McArthur, 1978b; 
Mahadevan, 1986; Singh, I988). 
According to Kolodny and Kaplan. (1970); Burnett and Veeh, (1977); 
Morford and Emerson, 1999; Jarvis et al. (1994); Arning et al. (2009) 1J is known to 
be incorporated in the CFA lattice, which would consequently lead to an enrichment 
of U in phosphorites formed under suboxic conditions. In fact, it is widely accepted 
that suboxic sediments display sinks for U. 
According to Jones and Manning (1994); Tribovillard et al. (2006); imamoglu 
et al. (2009), V and Cr are often used as paleo-redox proxies. In reducing 
environments these elements mainly occur as readily adsorbed or insoluble forms 
(VO2+ and Cr(OH)3, respectively), whereas in oxic porewaters they form soluble ions 
(V03- or V043 and Cr024-) susceptible to escape from bottom sediments back to the 
overlying water column. The very low V/Cr ratios (0.18-1.05) in west Kastrik 
phosphorite samples clearly indicate the highly oxie bottom conditions under which 
these phosphorites were deposited (Jones and Manning 1994). The very low V/Cr 
ratio (0.10-1.67) in the Lalitpur phosphorites is an indication of oxic conditions of the 
basin of deposition. According to Oamit et al. (20126) the lower concentration of V 
and moderate enrichment of Mo and Cr with respect to average shale from Tunisian 
phosphorite deposits suggesting the absence of severely reducing conditions during 
deposition. 
The vanadium content is almost low in Lalitpur phosphorites and it could be 
due to the little presence of organic matter and sulphide bearing minerals and poor 
supply of V from source rocks. The minor content of V indicate the localized origin 
of phosphorites in the shallow marine environment near the continental margins 
which could retained/sink by clay, iron and phosphate bearing minerals during 
and/after the phosphatization processes. The same environment is also discussed by 
Schmitt and Thiny, (1987); Proshlyakova et al., (1987); Banerjee and Saigal, (1988). 
The low V content in phosphorites also indicates the oxidizing conditions during their 
deposition, which is also supported by Garmit et al. (2012b). like V, poor concentiory 
of Ni in the samples of the phosphorites indicate that Ni might have introduced during 
weathering process of primary ores. According to Cook, (1972); 1toward and I{ough, 
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(1979) on the other hand the Ni had adsorbed the surface of iron, clay and phosphate 
bearing minerals. 
Like other trace elements, Cu content is also low in Bijawar phosphorites and 
its minor amount may be due to poor substitution of Cu" by Fe r and Ca" in these 
sediments. On the other hand, it is also possible that Cu'-, has been adsorbed by 
carbonate-tluorapatite phase and its gangue constituents like iron and clay bearing 
minerals. The presence of copper along with uranium also indicates the marginal shelf 
settlement of phosphorites in the Bijawar basin (Cook, 1972; Proshlyakova et al., 
1987; Singh, 1988). 
In the study area, Ni and Cr behave antipathetically with uranium in all the 
samples of phosphorites which may possibly be due to the poor substitution or 
absorption of Ni on phosphatic gels and its gangue minerals. U behaves 
sympathetically with Cu and antipathetically with Ph in the phosphorites and 
associated rocks. This variation in the relationship reveals that the phosphorites were 
originated during highly oxidizing to slightly reducing shallow marine conditions of 
the basin and negative correlation may be due to episodes of weathering in the 
associated rocks as also supported by Verma (1980); Al-Bassam et al. (1983). 
In the present study, P205  shows positive relationship with Ni in the 
phosphorites and associated rocks. It may be possible that during primary 
phosphatization stage. Ni has partially been adsorbed by huge mass of apatite, iron 
and clay-bearing minerals as also discussed by Cruft. (1966); Lucas et al. (1978); 
Saigal and Banerjee, (1987). Cr, V. Zn show negative correlation with P205 in all the 
samples of the area which may be due to mutual substitution within the apatite lattice 
that might have taken place during shallow marine environmental conditions of the 
basin as given by Howard and Hough (1979). 
A sympathetic correlation between CaO and U in these phosphorites may 
indicate that the minor amount of Ca;2 has been replaced by U" as they have similar 
ionic radii. On the other hand, it may also be possible that the greater amount of U has 
been adsorbed by fine grained apatites, iron and clay bearing minerals during marine, 
alkaline and oxidizing environment which is also supported by Subamanian (1980); 
Pettijohn (1984). 
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Rare-earth element (REE) geochemistry of phosphorites has often been used 
to help understand their depositional environment (Altschuler, 1980) and to constrain 
how phosphate precipitated and accumulated (McArthur and Walsh, 1984) ultimately 
to understand the genesis of the deposit (Jarvis etal., 1994; Ilyin, 1998). 
REE concentrations, shale normalized patterns and Ce and Eu anomalies in 
marine phosphorites are useful indicators of postrnarine depositional environments 
(Wright et al., 1987; Grandjean et al., 1988; Bertram et at., 1992; Jarvis et aL, 1994; 
Ilyin, 1998; Yang et al., 1999; Mazumdar et al., 1999; Chen et al.. 2003; Jiang et al., 
2007; Garnit et al. 2012b). Plrosphorires commonly display highly variable REE 
patterns (Jarvis et al., 1994; Shields and Stille, 2001) due to variations in the 
composition and amount of associated detritus, depositional environment, sea- and 
pore-water redox, pH, age, and water depth (German and Elderfield, 1990; Jarvis et 
al., 1994; Bertrand-Sarfati et al., 1997; Hannigan and Sholkovitz, 2001; Picard et al., 
2002). However, REE signatures can be altered by burial diagenesis (German and 
Elderfield, 1990; Murray et al., 1992; Reynard et aL, 1999; Shields and Stifle, 2001; 
Garnit et al., 2012b). or by surface weathering (McArthur and Walsh, 1984; [3onnoit-
Courtois and Flicotcaux, 1989; Hannigan and Sholkovitz, 2001). "therefore, the 
interpretation of REE signatures of phosphorites to reconstruct paleoenvironments 
should be done with great care (Chen et al., 2003; Garnit et al., 201 2b). 
The REEs have less mobility and fractionation during weathering and 
sedimentation processes (Rollinson, 1993); therefore they are widely used as tracers 
to investigate environmental changes and in studies related to the origin of sediments 
especially of anthropogenic origin (Hannigan and Sholkovitz, 2001; Sabiha-Javied et 
al., 2010). 
According to Ronov et al. (1967); Shields and Stille (2001): Zanin and 
Zamirailova (2009), the low concentration of REE is due to surface weathering. 
According McArthur and Walsh (1984). the low concentration in phosphorites also 
due to that the franeolite characteristically forms with low vREE contents. In the 
study area, the phosphorite shows low REE concentration. 
According to Zanin et al. (2002), the high REE content of phosphorites from a 
carbonaceous member is due to the reducing conditions in sediments which is 
enriched in organic matter. In the phosphorites of the Lalitpur district, there is a little 
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evidence of organic matter and low REE content which may be due to oxidizing 
conditions. The MREE enrichment pattern reflects the original sea water chemistry as 
supported by the Chunhua and Ruizhong (2005). According to Daessle and Carriquiry 
(2008): McArthur and Walsh (1994), the LREF enrichment suggest well oxygenated 
shelf environment. The phosphorites of the study area show MREE enrichment 
pattern, 1IREE depletion and LREE enrichment indicating original sea water 
chemistry. 
According to Elderfield and Greaves (1982), Cc/Ce* values of present sea 
water are characterized by 0.4-0.7, but average shale yield —1.0 Ce/Ce* values (Cox et 
al., 1995; Cullers and Brendsen, 1998). In the phosphorites of the investigated area, 
the Ce/Ce* values are slightly higher than those of present sea water, which indicates 
oxic conditions. According to Elderfield and Greaves ( 1982); Wright et al. (1987); 
Chunhua and Ruizhong (2005), the negative Ce anomaly indicates oxic conditions 
and sea water-derived pattern. In the present study, the phosphorites shows negative 
Ce anomaly and are in line with the above interpretation. 
According to lsmacl (2002), positive Eu anomaly indicates the anoxic 
phosphorite formation. Ogihara (1999); Kidder et al. (2003); Jiang at al. (2007) 
believe that the positively anomaly are interpreted as a result of reducing conditions. 
the phosphorites of the study area also show positive Eu anomaly indicating anoxic 
environmental conditions of phosphorite formation. 
According to Shields and Stille (2001); Chunhua and Ruizhong (2005), 
diagenetic processes indicate positive correlation between Ce/Ce* and Eu/Eu* 
anomalies, negative correlation between Ce/Ce* anomaly and DyN/SmN, and a 
positive correlation between Ce/Ce* and FREE content in phosphorites. The 
phosphorites of the study area show positive correlation between Ce/Ce* and Eu/Eu* 
anomaly, no correlation between Ce/Ce* anomaly and Dy N/SInN and a positive 
correlation between Ce/Ce* anomaly and TREE, suggesting the diagenetic effects on 
the REE patterns. The associated rocks of the present study represent a negative 
correlation between Ce/Ce* and Eu/Eu* anomaly and also negative correlation 
between Ce/Ce* anomaly and REE suggesting the minimum diagenetic effects on 
these rocks. 
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8.4 BIOGENIC CONTROLS 
Genesis of marine phosphorites by microbial activity is reported by the 
process of assimilation of phosphorous from the surroundings by bacteria (Soudry and 
Champelier, 1983; Pre'ot and Lucas. 1986; Vuz et al., 1999). Assimilation of 
phosphorous from sea water by bacteria usually takes place under slow rate of 
sedimentation in the shallow zone (Stanier et al., 1976; Vaz et al., 1999). Assimilated 
phosphorous changes to apatite after the death of the bacteria (O'Brien et al., 1981). 
Dissolution of organic and inorganic phosphorous compounds by bacteria has also 
been observed on the east coast of India (Ayyakannu and Chandramohan, 1971; Vaz 
et al., 1999). 
According to Ilyin (1998); Stalder and Rozendaal (2004); Jiang et al. (2007) 
phosphate nodules occur in marine sediments throughout the geological history and 
present-day phosphatic sediments (Rasmussen et al., 1998). The phosphatic sediments 
occur in organic-rich, diatomaceous sediments, e.g., in South Africa, Peru-Chile and 
Baja California (Veeh et al., 1973; Birch, 1979; Schuffert et al., 1994), which have a 
very high bioproductivity in the world (Walsh, 1981). However, phosphates are also 
found in low-productivity oceans, in which bacteria and organic materials probably 
played an important role in the assimilation of phosphorus (O'Brein et al., 1981). 
According to Piper, (1994), the accumulation of the marine fraction of minor 
elements on ancient sea floors was determined largely by the accumulation of organic 
matter, settling from the photic zone and with a composition of average plankton. A 
second marine tiaction of minor elements in these rocks accumulated through 
precipitation and adsorption from seawater. The suite of elements in this fraction 
reflects redox conditions in the bottom water, as determined by bacterial respiration. 
For example, high Mn, high Cr + V and high Mo concentrations, above those which 
can be attributed to the accumulation of planktonic matter, characterize accumulation 
under bottom-water oxidizing, denitrifying and sulfate-reducing conditions, 
respectively. 
In the present investigation though stromatolites, sulphide minerals and black 
shales are not found. but meagre evidence of organic matter in the form of filaments 
of laminae have been observed by SEM images as shown in Fig. 4.10. More over the 
trace elements like Mo, Mn, Cr and V are low in concentration in these rocks. Thus 
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the presence of little organic matter and low concentration of above trace elements 
leads one to believe that these phosphorites might have deposited in fairly oxidizing 
to slightly reducing environmental conditions of the depositional basin of the area. 
This is in accordance with the findings of Pant et al. (1989). Srivastava (1989). 
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8.5 A PROPOSED GENETIC MODEL OF PHOSPHORITE 
DEPOSITS IN PARTS OF TILE LALITPUR DISTRICT 
In the light of foregoing statements of the facts and discussions, an attempt has 
been made to present cautiously a modest model for the formation of the phosphorite 
deposits in parts of Lalitpur district, as stated below: 
➢ Phosphatic sediments were deposited in shallow marine conditions as 
evidenced by the presence of phosphorite association with dolomitic limestone, shale 
succession, which is recognized as an ideal phosphatic suit of rocks for deposition of 
phosphorites. The low Mn content in the analyzed samples can also be cited as one of 
the evidences of shallow marine conditions of deposition. 
> The phosphorite deposits of Lalitpur were formed in warn and dry 
palaeoclimatic conditions as indicated by the low latitudes (24° I IN and 25` 13'N) of 
the area. A high concentration of CaO in these phosphorites, which is due to the 
precipitation of CaO} at pH greater than 7.8, also indicates a wane and and climate 
and therefore, only few rivers flowed into the basin bringing very little detrital 
materials. 
> The basinal uplifting was probably initiated the development of a geosynclines 
followed by evolution of a platform structure on which the phosphatization processes 
commenced. 
> The ingredients of phosphate were probably derived from volcanic source, 
land and sea and little organic source, because there is meagre evidence of organic 
matter in the form of laminae as observed by SEM images only. 
> The presence of sufficient amount of apatite and iron oxide minerals suggest 
that the provenance was the igneous source, i.e., Bundelkhand granitic complex_ 
> The precipitation of phosphorites was controlled by the pH changes. When 
cold phosphate-rich water upwelled from the ocean bottom, phosphorite was 
deposited from these ascending waters as their PIE  increased along with the increase 
in temperature and decrease in partial pressure of CO2. The carbonates were deposited 
from these waters when they reached more shallow depth at a somewhat higher pH. 
Hence in the pH range 7-7.5, Ca3(PO4)2 was first to precipitate while CO, 2 remains in 
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solution so long as the pII is buffered in that ranee. When pH increases to 8. CaCO3 
will precipitate. 
➢ Apatite is the primary mineral which represents a group of minerals 
containing Cat ` and P04 2 as the essential constituents. The crystal structure of apatite 
favours a number of minor substitutions. For example, VOo i, SO,-s. C03 2 and OH' 
are usually substituted by eyualivalent amounts of PO4 } and minor amounts of Mg, 
Mn and Sr. The most common substitution in Lalitpur phosphorites is that of PO; 3 by 
CO{' which is corroborated a higher (1.31) CaO/P205 ratio. 
➢ The compositional variation with higher CaO/P20< and CaO/MgO ratio 
indicates the formation of phosphorites by replacement processes also. The 
antipathetic behavior of MgO with respect to P205 indicates a replacement 
phenomenon during phosphatization. This relationship among the major oxides also 
indicates that surficial 1 eaching had a leading role in increasing the P20;  content. 
> The chemistry of the phosphorites of Lalitpur district shows that the 
concentration of Fe203 is slightly more than that of MnO suggesting fairly oxidizing 
conditions of the basin. 
➢ The dispersion pattern and behavior of trace elements in the phosphorites and 
other associated rocks suggest that the fixation of these elements was more or less 
geochemically controlled by adsorption on the surface of apatite or by the substitution 
in the apatite lattice. 
➢ The low concentration of Ba, Cu, Ni, and Zn also indicates that the planktons 
organic matter may not be the prime source of elements in these phosphorites. The 
meagre presence of organic matter, pyrite and lower concentration of V, Ni and Cu 
suggest that the phosphorites were deposited in an oxidizing environment, slightly 
aerobic to highly aerobic facies. 
> Pb, Zn and Mo are low in phosphorites of the study area. these elements are 
generally associated with sulphide minerals in phosphorites. X-ray diffraction studies 
also indicate the absence of sulphide minerals in the phosphorites suggesting slightly 
reducing conditions at the time of phosphate formation. 
➢ Low V content and V/Cr ratio in these phosphorites suggest that the 
oxidizing conditions were mainly responsible for the formation of the phosphorite 
deposits in the area. The correlations round in the study area like U with Cu and Pb; 
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Cr, V. Z with PIC, also indicate that the phosphorites were formed during highly 
oxidizing to slightly reducing shallow marine conditions of the depositional basin. 
Y 	Later concentration of phosphates may have taken place during digenetic 
processes and also a little supergene enrichment through laterizaton as evidenced by 
some textural complexities in the phosphorites. 
> 	The low REE concentration in the phosphorites of the study area is due to 
weathering which indicates that francolite characteristically forms with extremely low 
TREE contents as suggested by previous workers. 
Y 	The PAAS-normalized pattern shows MREE enrichment which implies that 
the REEs of the seawater were fractionated in favour of the MREEs or selective 
uptake of MREEs was involved. MREE enrichment is also resulted from the 
adsorption of REEs onto ferric oxyhydroxides. i he phosphorite samples show HREE 
depletion and LREE enrichment. The LRFF enrichment indicates well oxygenated 
shelf environment. 
> 	In the phosphorites of the Lalitpur district, the positive correlation between 
Ce/Ce* and Eu/Eu* anomalies, no correlation between Ce/Ce* and DyN/SmN, positive 
correlation between Ce/Ce* and VREE indicate the diagenetic effects on these 
phosphorites. In the associated rocks reverse correlation indicates little or no 
diagenetic effects. 
➢ Normalized REF distribution pattern shows positive Eu and negative Ce 
anomalies. The positive Eu anomaly indicates the reducing conditions of the 
phosphorite formation. The presence of negative Ce anomaly in phosphorites is an 
indicator of sea water-derived pattern. Ce3 may oxidize to Ce4 and leached restdting 
in a negative Ce anomaly which may be directly inherited from seawater under 
oxidizing conditions. Thus. Ce anomalies have been used to infer pateooceanic redox 
conditions. The Ce/Ce* values in the phosphorites are higher as compared to the 
present sea water, which indicates oxic conditions. 
Therefore. negative Cc and positive Eu anomalies in phosphorite samples of 
the Lalitpur district of Bijawar Group suggests that these phosphorites were deposited 
in fairly oxidizing to slightly reducing conditions of the depositional basin. A genetic 
model illustrating the mineralization of phosphate and other minerals which is 
modified after (Jiang et al., 2007; Khan et al., 2012a) has been proposed (Fig. 8.1). 
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SUMMARY AND CONCLUSIONS 
The Lalitpur phosphorite deposits of Bijawar Group overlay the Archaean 
Bundelkhand Basement Complex and underlain by Vindhyan Supergroup. The 
Bundelkhand block of north Indian shield is characterized by the presence of three 
discrete intracratonic basins viz. Gwalior basin, Bijawar basin and Sonrai basin. The 
Gwalior basin occurs at the northern fringe of Bundelkhand massif. The other two 
occupy the southern fringe. All these basins contain well developed Paleoproterozoic 
sedimentary succession. Among these basins, the Sonrai basin is the only one which 
contains phosphate bearing sedimentary formations in its basal part. The 
Paleoproterozoic to Mesoproterozoic basin of Lalitpur district of Uttar Pradesh in 
India is a small intracratonic basin with geochemical imprints of fluid interaction with 
host rocks. Lalitpur district is located at the extreme south-west corner of Uttar 
Pradesh. The Lalitpur district under study, covering an area of 28 km in length and 5-
7 Ian width, lies between 78° 45' to 78° 56" Longitudes and 24° 15' to 24° 23" North 
Latitudes and has east west direction with gentle dip towards south. I he study area 
follows the regional east-west strike and forms a westward plunging syncline on a 
regional scale, with closure on the eastern side. They are faulted against the northern 
crystalline rocks and the Berwar formations to the south. East and west are covered by 
the flat-lying Vindhyan conglomerate and sandstone. The Lalitpur area is divided into 
three formations, Berwar, Sonrai and Solda. The Sonrai Formation of this area has 
four phosphorite horizons occurring over a strike length of about 12 km. The 
phosphorites are found to occur as lenticular and detached bodies in this Formation. It 
is massive, laminated and brecciated and at places criss-crossed by veinlets of apatite. 
Individual bodies range from a few meters to about 4 kni in length, and width varies 
from thin bands to about 125m. These phosphorite deposits are principal economic 
deposits and associated with a variety of phosphatic breccia. dolomitic limestones, 
shale. ferruginous sandstone and quartzite. 
Petromineraloeical studies using thins sections. XRD and SEMI reveal that the 
carbonate fluorapatite (CFA) is the dominant phosphate mineral, while quartz is the 
major gangue. The other minerals identified are calcite, dolomite, feldspar, hematite 
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and mica. Few thin sections show oolitic collophane and replacement of silica by 
phosphate. Scanning electron microscope (SEM) study reveals that the apatite is in 
the hexagonal form and shows CFA recrystallization. The phosphorite samples are 
rich in the ferruginous material. A few thin section photomicrographs of phosphorites 
show iron vein cutting across a groundmass of apatite. There is little evidence of 
organic content, reported by the earlier investigators too. 
Representative samples of phosphorites from Lalitpur district were chemically 
analyzed in order to determine quantitatively their major oxides, viz. Si02, A1203, 
Fe203, Ti02, MnO, CaO. MgO, P205 and Na20 in terms of weight per cent. The 
distribution of various chemical constituents shows a wide variation from rock to rock 
in various lithological units of the area. The concentration trends of certain major 
oxides indicate that the dolomitic limestone is more enriched in CaO, P205 and Si02 
than A1203. Fe203, TiO2, Na20 and K20. The shale is having higher concentration of 
SiO2 and A1203 than the other constituents. Ferruginous sandstones are relatively 
richer in Si02 and Fe203 than other major oxides and quartzite is highly concentrated 
in SiO,  than the other major oxides. Most common types of phosphorites in the study 
area contain higher concentration of P205, CaO and Si02. 
The dispersion pattern, correlation coefficient and mutual relationship of 
significant major oxides represented by plotted diagrams, indicate that Si02, CaO and 
MgO are antipathetically related with P2O5. This relationship suggests a gradual 
replacement among these oxides during diagenesis. High values of P205 and CaO in 
the phosphorites indicate more concentration of apatite constituent. The low 
magnesium content in the phosphorites indicates that little dolomitization has 
occurred. The difference in geochemical behavior of CaO and MgO may be due to 
ionic substitution of Ca-, by MgO'` in the apatite crystal lattice during highly 
oxidizing and alkaline environment of the basin. The negative correlation of Fe203 
with P205 and CaO in phosphorites and associated rocks may be due to leaching 
and/mild weathering of iron from the ores and reprecipitation along with P205 in the 
pore spaces, cavities/voids, veins in highly oxidizing marine environment of the basin. 
The negative relationship between CaO and Fe20.; may he due to mutual ionic 
substitution of Ca`2 by Fe" in the depositional basin. The concentration of Fe203 in 
the phosphorites and associated rocks may be due to hematite and iron oxides. The 
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presences of love concentration of Al in the phosphorites indicate the humid to low 
temperature climatic conditions at the time of precipitation and phosphatization of 
these sediments in the area The low concentration of Na20 and K20 indicate a 
euxinic environment of deposition of phosphate in slightly alkaline acidic medium. 
The CaO/P205 ratios (1.32) are close to those of pure carbonate fluorapatite and 
indicate that the phosphorites are composted of carbonate apatite. The Fe103 and 
MnO show antipathetic correlation in phosphorites and sympathetic correlation in 
associated rocks which may be due to oxidation followed by mutual ionic substitution 
of Fe"3 by Mn and adsorption of MnO in the crystal lattices of apatitic minerals, 
captured by high iron content (hematite) and weathering of the ore in the later stages. 
The antipathetic relationship between Fe203 and MgO in the phosphorites and 
associated rocks may be due to mutual substitution of Mg" with Pe24. 
The relationship between P20, and CaO/P205 is negative in phosphorites and 
associated rocks. The low values of CaOLP205 (1.13.1.46) in the phosphorites support 
the appreciable quantity of organic matter and occurrences of carbonate lluorapatile in 
these phosphorites. The poor correlation in CaO/MgO with P205  in phosphorites 
indicates that in the process of P20s  enrichment, there is a gradual removal of CaO 
and MgO upto a certain limit. 
CaO-Fe205-K20 ternary diagram shows that most of the plots lie at CaO 
comer and total alkalies remain almost constant indicating the deposition of these 
rocks in a slightly alkaline medium. The recalculated weight percentage values of 
P205 content is very high as compared to other major constituents as 1102 vary from 
0.26 to 0.54; K20 from 0.03 to 6.01 and P20, from 93.45 to 99.71 in phosphorites. In 
Ti02-K20-P205 diagram the samples fall on P205 comer further indicates the source 
of these phosphorites may of alkaline oceanic environment which was conducive to 
the deposition along the continental margins of the basin. In the Ti02-MnO-P205 
ternary diagram, the samples fall on the P205 corner which further supports the 
oceanic source of these phosphorites. Considering the findings, it is almost evident 
that the basement rocks of the Rundelkhand Granite Complex may be the source of 
most of the chemical constituents. Additionally the associated rocks, local active 
rivers and their major tributaries and to some extent sea basival waters may be the 
other sources. The variation trends in the chemical composition of the phosphorites 
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and the host rocks may perhaps be due to certain marked changes in the supply of the 
material, variation in composition of water and physico-chemical conditions of the 
basin of deposition. The low manganese content. enrichment of P2O: in the sediments. 
low content of alkalies as well as their inter-relationship and distribution pattern in the 
petrochemical fields indicate that most probably these phosphorites were deposited in 
a shallow water basin favored by slightly alkaline medium often approaching a very 
weakly acidic medium in an euxinic milieu. 
The trace elements such as Sc, V. Cr. Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, 
Cs. Ba, Hf, Ta, Pb. Th and U have been determined quantitatively in the phosphorites 
and associated rocks during the present investigation. The concentration trends of 
trace elements reveal that the phosphorites are moderately enriched in Co, Zn. Zr, , 
Pb. U than in Sc, Ba, V. Cr. Ni. Ga, Rb. Sr. Y. Nb, Cs, Hf. Ta and Th. Similarly, 
dolomitic limestone is relatively richer in Zn. Zr, Ba and Pb than the other trace 
elements. In the shale, Zr, Ba, Zn, Cr and Ni show moderate concentration and other 
elements are in low concentration. In the case of ferruginous sandstone, Co, Zn, Ba, U 
are richer in concentration as compared to other trace elements. In quartzite, only Co 
shows moderate concentration, while other elements are in low concentration. Sr and 
Pb are the elements which are susceptible to adsorption by phosphate minerals. The 
Elements adsorbed by clay minerals include Li and Rb. 
The distribution pattern and behavior of trace elements suggest that most of 
the trace elements, that found their way into the ancient sediments, appear to have 
invaded the lattices of the phosphates, carbonates, silicates and clay minerals and 
combined with them structurally. 
Variable concentration of trace elements in the phosphates have been 
influence by various physico-chemical processes involved during weathering and 
leaching of the pre-existing rocks and subsequently many of them were assimilated to 
the sediments. The adsorption of some trace elements was mainly influenced by the 
principal absorbents like the phosphate minerals, iron, clay and silicate minerals. 
The negative to poor relationship between certain trace and major elements 
may be due to mutual substitution in the apatite lattice and/or adsorption by clay 
i'erruginous content and phosphorite gels during and after phosphatization in highly 
oxidizing marine conditions of the basinal waters. The reason may also be due to 
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leaching/mild weathering of the ores which might have been lost during diagenesis. 
The positive correlation of U with P20; and C'aO and Sr with l'205 indicates that U is 
associated with apatites. The low concentration of Cu may he responsible for the 
meagre evidence of sulphide minerals as reported by the earlier investigators. The low 
concentration of Cu is also due to little presence of organic matter. The very low V/Cr 
ratios in the phosphorites clearly attest the highly oxic bottom conditions prevailing 
during the deposition of these phosphorites. The low concentration of Sr may be due 
to diagenetic alteration. The low concentration of Ba, Cu, Ni and Zn indicates that the 
planktonic matter may not be the original source of elements in the phosphorites. The 
meagre evidence of organic matter, near absence of sulphide minerals and lower 
concentration of V. Ni, and Cu suggest that the phosphorites were deposited in an 
oxidizing environment, slightly anaerobic to highly aerobic fades. 
Correlation coefficient and plotted diagrams of significant trace elements 
indicate that the presence of these elements may be due to their inter-elemental 
affinities. However, adosption on the surface of the apatite, substitution in the apatite 
lattice are supposed to be chiefly responsible for the distribution, abundance and 
fixation of significant trace elements. Thus higher concentration of certain trace 
elements in the phosphate rich ores is mainly due to certain favorable physico-
chemical conditions such as low Eh-pH, moderate salinity, slightly anaerobic to 
highly aerobic shallow water oxidizing environmental conditions at the time of 
deposition. 
The distribution and interrelationships of trace elements and that with the 
major oxides and their ratios in phosphorites and associated rocks reveal that these 
elements were precipitated by direct, inorganic, syngenetic and authigenic processes 
followed by epigenetic, leaching. remobilization and reprecipitation in the cavities, 
voids, fracture and fissure fillings in the ores during diagenitic processes. These 
processes might have taken place during slightly reducing environment under tropical 
to and climate and in shallow water conditions of the basin. It may be possible that 
some parts of the trace metals might have been absorbed adsorbed in the groundmass 
of gangue minerals and partly replaced with the apatite lattices. The random 
distribution and correlation may also he due to several episodes of weathering 
processes. 
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In the present study, the rare earth elements (REE) such as La, Ce, Pr, Nd, Sm, 
Eu. Gd, Tb, Dy, Ho, Er, Tin, Yb and Lu have been determined in the phosphorites and 
in associated rocks. The concentration of rare earth elements is low to moderate in 
phosphorites as well as in associated rocks as compared to few other phosphorite 
deposits of the world. The weathering is considered as an important factor for 
controlling REP contents in the rocks of the Lalitpur district. The low concentration 
of REE might be due to the associated sandy carbonate sediments and different initial 
substrate. The rates of terrigenous sedimentation were low in area of phosphorites 
which may explain the low REE contents. The extremely low REE content in the 
samples studied could be due to minimal incorporation of detrital REEs in the CFA 
fraction. The low REE content of the Lalitpur phosphorites indicate the high 
condensation, long exposure of phosphate grains close to the sea floor and more REF 
uptake from seawater. 
The PAAS-normalized pattern show LREE and MREE-enrichment and [IREE 
depletion, which implies that the REEs of the seawater were fractionated in favour of 
the MREEs or selective uptake of MREE was involved. They also reflect original sea 
water chemistry and well oxygenated shell' environment. The Lalitpur phosphorites 
and associated rocks show negative Ce anomaly, which suggest oxic marine 
depositional conditions and positive Eu anomaly indicates reducingconditions. 
Therefore the negative Ce and positive Eu anomalies suggest that these phosphorites 
were deposited in fairly oxidizing to slightly reducing conditions of the depositional 
basin. No correlation in Ce/Ce* with LaN/Smy, DyN/SmN reveal the Ce anorray as a 
depositional seawater signature. The good correlation between Ce/Ce* and Eu/Eu* 
anomalies, no correlation between Ce/Ce* anomaly and DyN/SmN and a Positive 
correlation between Ce/Ce* anomaly and YREE contents in phosphorites suggest the 
diagenetic effects on the RUE patterns, but in associated rocks there is opposite trend 
which suggest that the diageneic effects on associated rocks are limited. The negative 
correlation between FREE and Fe203 suggests that iron oxide or sulphide has not an 
important control on REE concentrations. The Ce/Ce* values in the phosphorites are 
higher as compared to present sea water, which also indicate oxic conditions. 
A genetic model of the phosphorite deposits of Lalitpur district has also been 
proposed. It suggest that the role of geochemical environment in the deposition of 
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phosphorites interacted under a set of shallow intettidal to subtidal environmental 
conditions, leads one to believe that precipitation of phosphate was essentially 
dependent upon phI and Eh conditions, partial pressure of CO,. replacement processes 
and ionic substitution. The little evidence of organic matter, near absence of black 
shales and pyrite, association of carbonates. lower concentration of V and Cr, LREE 
enrichment, negative Ce anomaly and positive Eu anomaly suggest deposition of 
phosphorites in a more or less fairly oxidizing to slightly reducing environment. The 
possible source for these elements appears to be the available minerals in the Cratonic 
mass of Bundelkhand Granitic Complex, a basement of Bijawar Group, which also 
provided laid derived phosphorus through weathering and some possible organic 
sources as evident by the presence of microbial laminae, etc in few samples of the 
area. The various forms in which phosphorite occur appear to be related to some 
environmental vicissitudes at the time of deposition followed by some later structural 
disturbances. Later enrichment of phosphates may have taken place during the period 
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Geochemistry of phosphate bearing sedimentary rocks in parts of Sonrai block, 
Lalitpur District, Uttar Pradesh, India 
K.F. Khan, Shamim A. Dar', Saif A. Khan 
Department of Geology. Atlgarh Muslim University, Ahgart 202002, Uttar Pradesh. India 
ARTICLE 	INFO ABSTRACT 
Article history. Major, trace and rare earth elements of phosphatic rocks around Sonrai block of Paleo-Mesoproterozoic 
Received 14June 2011 age having phosphatic breccia, quartzite. shale, sandstone, limestone and ironstone, have been deter- 
Accepted 22 January 2012 mined to evaluate their correlation, relationship with the phosphorus content, the nature of possible 
substitution of various elements and regional distribution pattern over the area. The study indicates that 
Keywords: the number of elements is substituted in the apatite structures: few of them are associated with phos- 
Geochemistry phate and carbonate minerals. The variable concentration of major, trace and rare earth elements in the Phosphate phosphatic rocks has been influenced by various physico-chemical processes involved during weathering Sonime 	rocks 
block Sonrai and leaching of the source rocks. The distribution of the major, trace and rare earth elements is controlled g 	 j 
Lalirpur by the environmental variations in the sediment water interface. The majority of trace elements were 
Uttar Pradesh mainly influenced by the principle adsorbents like the phosphate minerals in addition to clay, iron oxides 
and silicate minerals. The PAAS normalized REE patterns of Sonrai block of phosphorites are characterized 
by negative Ce anomalies and Positive Eu anomalies. It is inferred from the distribution and interrela- 
tionship of major, trace and rare earth elements that the deposition of phosphate minerals might have 
occurred in highly oxidizing to slightly reducing conditions in supratidal to intertidal continental margins 
and shallow marine environment. The deposition was controlled by marine upwelling leading to excess 
charge of phosphate in certain zones of phosphogenic basins. lithologic fades variations in restricted cir- 
culations of basinal waters and electrochemical factors such as negative Eh, pH and other factors, which 
influenced the deposition of phosphates. The replacement, precipitation in voids and fissures and dia- 
genesis were also important mechanisms of phosphate generation in Sonrai basin. The main source for 
various elements may be the minerals of cratonic mass of Bundelkhand Granitic Complex, a basement of 
Bijawar Basin, which also provided land derived phosphorus through weathering of the terrestrial cover. 
Crown Copyright O 2012 Published by Elsevier GmbH. All rights reserved. 
1. Introduction 
The Bundelkhand block of north Indian shield is character-
ized by the presence of three discrete intracratonic basins viz. 
Gwalior basin, Bijawar basin and Sonrai basin. The Gwalior basin 
occurs at the northern fringe of Bundelkhand massif. The other two 
occupy the southern fringe. All these basins contain well developed 
Paleoproterozoic sedimentary succession. Among these basins, the 
Sonrai basin is the only one which contains phosphate bearing 
sedimentary formations in its basal part. The Paleoproterozoic to 
Mesoproterozoic Sonrai block. Lalitpur district, Uttar Pradesh in 
India is a small intracratonic basin with geochemical imprints of 
fluid interaction with host rocks (Jha et al.. 2010). The Sonrai block 
under study, covering an area of 28 km in length and 5-7 km width 
• Corresponding author. Tel.: •91 9557633751; fax: •91 5712700615. 
E-mail address: sjshamirttgmaiLcam (SA Dar). 
(Prakash et al., 1975) lies between 78 45' to 78- 56' longitudes and 
24 15' to 24 23' north latitudes and has east west direction with 
gentle dip toward south. The phosphorites of Sonria basin were dis-
covered in 1977 (Pant, 1980). Earlier workers investigated various 
aspects of phosphate bearing and other associated rocks of Son-
rai basin, such as Geology. Sedimentation, (Srivastava, 1989): Clay 
mineralogy (Jha et al.. 2010): Copper mineralization (Singh and 
Goyal. 1972): Geology and mineralization (Prakash et al.. 1975). 
Precambrian phosphorites in the Bijawar rocks (Banerjee et al.. 
1982): Lithotectonics, (Banerjee. 1982); Petromineragraphy and 
mineral chemistry (Roy et al., 2004). However, the details of geo-
chemical characteristics of these rocks have not been taken so far. 
In the present study, we report new geochemical data of advance 
nature on Sonrai phosphorites. The data are utilized to deal with 
the major, trace and rare earth element geochemistry in order to 
determine their abundance, distribution pattern and interelement 
relationship of phosphate bearing sedimentary rocks ultimately to 
interpret their impact on phosphatic mineralization. 
0009-28191S - see front matter. Crown Copyright O 2012 Published by Elsevier GmbH. All rights reserved. 
doi:10.1016(j.chemer.2012.01.003 
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2. Geological setting 
The Proterozoic rocks of the Bijawar group of Sonrai bordering 
southern fringe of the Bundelkhand massif constitute a metallo-
genic province in the southern part of the Uttar Pradesh. The Sonrai 
block of Bijawar Group is located at the extreme south west comer 
of the Uttar Pradesh. The Bijawar and the younger Vindhyan, fringe 
the southern margins of the Bundelkhand granite massif (Fig. I). 
The regional succession is as follows: 
Regional stratigraphy (after Sr.va+tava. 1989) 
Deccan Trap (Cenozoic) Basalts and related dykes. 
Visdhyan Group (Late Proterozoic Vindhyan sardstore. mngkxrsnrAirs 
1400-6001ny) and shale. 
Bijawar Group (Early Proterozoic Quartz breccia. quartzite. shale, 
(,t *00 my) sandstone. limestone and ironaor 
Berwar Pormatfon)Bwdelkitattd Dykes, schists. gneisses. pegmatite, 
Granite Complex (Aichean) conglomerate, quartz veins. 
The stratigraphy of Bijawar Group near Sonrai block, Lalitpur 
district. Uttar Pradesh is shown in Table 1. The lithostratigraphic 
units of the Bijawar Group near Sonrai block are better exposed and 
are divided into three formations: the Berwar. Sonrai and Solda For-
mations. The Barwar Formation, which occurs at the base, contains 
banded haematite-quaruite. chloritic shale. quartzite and peb-
bly conglomerate. The overlying Sonrai Formation is divided into 
four members, which in ascending order are: (1) jamuni Member  
(2) Gorakalan Shale (3) Rohini Member and (4) Bandai Member. 
The uppermost Solda Formation is divided into three members: 
(1) Chloritic Shale (2) the overlying Dhauri Sagar Member and 
(3) Solda Member. 
The phosphorites of the Sonrai basin are found to occur as lentic-
ular and detached bodies throughout the Sonrai Formation of the 
Bijawar Group. It is massive, laminated and brecciated and at places 
criss-crossed by veinlets of apatite. Individual bodies range from a 
few meters to about 4 km in length, and width varies from thin 
bands to about 125 m. The occurrence of phosphorites is confined 
to the Sonrai Formation, at four distinct stratigraphic levels. The 
first horizon, at the base. consistsof massive to brecciated phospho-
rites and occurs within the lower reddish shales. with at least three 
bands identified. The second horizon occurs at the base of the brec-
ciated quartzite member, overlying the black shales. and consists of 
brecciated phosphorite containing lensoid bodies with phosphorite 
cement. The phosphorite could be the basal part of the brecciated 
quartzite.The third horizon consists of massive to brecciated phos-
phontes and occurs within the brecciated quartzite. This horizon 
contains angular to subangular fragments of quartzite cemented 
by high-grade phosphorites. It is widespread and amenable to ben-
eficiation. The fourth uppermost horizon overlies the brecciated 
quartzite and is the most important phosphorites in the Sonrai 
Basin. It is massive at places but elsewhere is brecciated with 
angular to subangular fragmentsof phosphorites embedded within 
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high-grade phosphorite matrix. This horizon is overlain by let rug 
inous quartzites (Pant et al.. 1989). 
3. Methodology 
With the help of the geological map of the area prepared by 
the earlier workers, sampling was carried out and 15 fresh rep-
resentative samples at regular interval were collected from the 
field. 10 samples were selected for chemical analysis. The follow 
ing procedures were adopted to prepare the rock samples for their 
chemical analysis. About 50g. of each rock sample was taken for 
crushing and powdering. First of all the sample was crushed in a 
steel mortar to coarser fractions. The coarse material was further 
crushed in porcelain mortar till it became medium to fine grained. 
Finally, the material was finely powder in centrifugal ball mill. The 
powdered was sieved by standard sieve of -200 mesh. The pow-
der of each sample was packed in bottles, numbered and packed 
properly for analysis. The whole geochemical analysis (major, trace 
and rare earth elements) was carried out at National Geophysical 
Research Institute (NGRI). Hyderabad. India. Major elements were 
determined from pressed pellets, which were prepared by using 
collapsible aluminum cups ,Govil, 1985). These cups are filled with 
boric acid and about 1 g of the finely powder rock sample is put on 
the top of the boric acid and pressed under a hydraulic press at 20 
tons pressure to get a pellet. The sample pellets were analyzed using 
a Philips MagiX PRO model PV-244U wavelength dispersive X ray 
fluorescence spectrometer ;XRF) coupled with automatic sample 
changerl'W 2540. 
Analytical solutions of the samples for trace and rare earth ele-
mertts were prepared by open acid digestion method (Roy et al., 
2007). 50 mg (0.0500g) powder of rock sample was taken in a clean 
dried PTFE Teflon beaker. Each sample was moistened with a few  
drops of ultra-pure water. Then. 10 ml of an acid mixture (con-
taining 7:3:1 HF: HNO3 :HCIO4) was added to each sample. Samples 
were swirled until completely moist. The beakers were then cov-
ered with lids and kept overnight for digestion after adding I ml of 
5 p.g ml I Rh solution (to act as an internal standard). The following 
day, the beakers were heated on a hot plate at 200 C for about 1 I), 
the lids were removed and the contents were evaporated to incip-
ient dryness until a crystalline paste was obtained. The remaining 
residues were then dissolved using 10 ml of 1:1 HNO3 and kept 
on a hot plate for 10 min with gentle heat (70 C) to dissolve all 
suspended particles. Finally, the volume was made up to 250 ml 
with double distilled water (purified water) (18 M) and stored in 
polyethene bottles. I his solution, stored in polyethene bottles, was 
used for the estimation of trace elements by inductively coupled 
plasma-mass spectrometry techniques (ICP-MS).The instrumental 
and data acquisition parameters are salve as given in Table 2 (Roy 
et al.. 2007). The precision of ICP-MS data is better than -6% RSI) 
for all the trace elements and was obtained in all cases with com-
parable accuracy. NIST 120C standard was used for the phosphatic 
rocks of the study area. 
4. Results and discussion 
4. I. .Viajor elements 
The P205 content of the phosphatic rocks ranges from 28.78 
to 31.84% (Table 2). The CaO/I'20; ratios (1.00-1.45%) are lower 
than that in pure carbonate fluurapatite (1.54). The highest ratio 
was recorded for P-28 (1.46). The value was lower than the val-
ties for the most reactive phosphate rock (3.5: 5.0) (McClellan and 
Gremillion, 1980). This shows the extent of carbonate substitution 
in phosphatic rocks of the area. The silica contents (5.31-20.58) are 
1'0 	 K.1 Konn vial f Clrmie der trde 72(2012) 117-125 
laMe 2 
' Major clement (wt8) analysis of phosphatic rocks of Sonra Block. d~stnct. la h(pur, U.P. 
10-8 	SN-I I 	G. I4 	c,- I ; 	p-25 	1-38 	l'-27 	P.29 	SN-33 	'10.43 
'.1? 	 1477 	17.18 	20.58 	19.35 1521 	1547 	17.68 	5.11 	18.06 	17.5 
A120, Ill) 1125 028 0.14 (1 15 11.111 0.17 0.6 0.16 0.22 
tc_Os 	0.76 	141 	0.67 	1).64 U.6 	0.74 	0.72 	OILS 	0.55 	132 
Nn0 0 0.01 0.02 11.02 003 0.01 0.01 0.02 0.02 0.03 
VIg() 	 028 	(1.28 	0.28 	(1.26 (1)18 	11.211 	0Th 	4(28 	(1)8 	11.)6 
CaO 3923 38.8 38.05 36.01 40.07 36.63 37.6 44.02 3782 37.8 
KO 	 002 	0.11 	0.1 	11.1 001 	0.02 	0.02 	1.07 	0A2 	0.03 
1 In• 009 0.09 0.04 n.04 004 (1311) nn'i o(ro 008 ((.09 
pd): 	2412 	28.18 	31.84 	31.82 30.36 	211.44 	28.75 	3054 	28.76 	26.76 
101 1535 12.45 8.2) 6.1 12.69 11.73 13.72 14.8', 13.75 12.75 
CaO1Plo, 	1 35 	1.35 	1.2 	1.14 1.32 	1.251 	1.31 	1.46 	1.00 	1.31 
1IIM 	S11r43 F$536 100.12 04.1') 4444 41.1.1 4u, 11 91.118 118152 1(81,11 
lower than 1110512 01 the Peru margin (Burnett. 1977) and Namibian the sediments during deposition. 1 he very low K20 values in the 
margin phosphorites ;Rremrner and Rogers. l)90) phosphatic rocks are considered highly desirable in material to 
The values of TiO). MnO. MgO. K20 are very low being less than be used as a source of P205 because minimal salt is added to the 
0.60wt% (Table 2). The MgO values are very low 10.28wt%' and soil with the fertilizer. TiO2 in the sedimentary environment is 
relatively consistent. This is an indication that very little. if any, normally introduced as a detrital heavy mineral. The low corre- 
dolornitisation has occurred. The alkali metals 1(20:0.01-0.11 wt%) lation of MgO with A1203 ; Fig. 2A) and poor correlation with K20 
can be considered to be traces of the marine water trapped in (Fig. 2B)suggest an additional Mg flux apart from terrigenous clays. 
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Moderate correlation of A1203 with Fe203 (r2 = 0.027) (Fig. 2C) 
implies that these elements might have been derived from dif-
ferent sources. Poor correlation between MgO and ['205 (Fig. 2D) 
indicates that Mg might not have been incorporated in the apatite 
structure. The antipathetic relationship between P205 and Fe203 
0.198) (Fig. 2E) indicates that apart from adsorbed phosphate 
onto Fe-oxyhydroxides, as in the case of modern and Quarternary 
phosphorites (Glenn, 1990: O'Brien et al.. 1990: Rao et al., 2002). 
some other sources of phosphorus have been available at the site. 
I he moderate correlation between P205 and CaO (Fig. 2F) indicates 
that these elements may have been derived from more than one 
and/or different sources. The moderately sympathetic correlation 
between I',.0, and Ti02: P205 and AI203 are observed in these 
phosphatic rocks (Fig. 2G and H). The weakly positive correlation 
between 1'303 and AI203 is due to mutual ionic substitution in 
between Al'3 and P' in the apatite lattice under high alkaline 
conditions of the basinal waters. The AI203 may be adsorbed in 
hydrous aluminosilicates. ferruginous and clay minerals showing 
higher [ O, content. The irregular distribution of crandallite 'Ca Al 
P;t CO3 indicates the hidden leaching/weathering of ores in which  
small amount of Ca'2 was replaced by Al'; during remobilization 
and recrystallization by means of the ground water circulation 
and sea waves, tides and currents in the Bijawar Basin. The strong 
positive correlation of A1203 with CaO and K20 exists (Fig. 3A and 
B). The poor correlation of 1'205 with SiO2 (Fig. 3C) in phosphatic 
rocks suggests the substitution of Si"t ions for P's in apatite 
because the ionic radii of Si'4 (0.39A) and P" (0.35 A) are very 
close to each other and having a diadochic relationship between 
both the elements. For appreciable Si'4 substitutions for P's . it 
is apparently necessary to have a corresponding substitution of 
balance charges. The coupled replacement Si't + S° . 2P'' is well 
documented throughout in the literature on the different phospho-
I rtes of the world (Cruft, 1966). Silica shows gradual decrease with 
increasing P205, while Ca'2 increase simultaneously (Cook, 1972). 
According to ltanerjee et al. (1982), the total Si02 values have not 
been considered for any interpretation through the distribution 
of Si02 in the Phosphatic rocks. This relationship is primarily 
explained in terms of diluents authigeniC minerals such as quartz. 
calcite, feldspar and glaucuniic (Parker, 1975). The relationship 
also suggests that the (PO4 ) 1 has been mutually substituted by 
22 	 K.P. Khan et al. i Chrmie der Erde 72(2012) 117-125 
table 3 
Trace element (ppm) analysis of phosphatic rocks of Sonrai Block, district. tahtpur. U.P. 
10-8 SN-11 G 14 6-17 1'-25 P-26 l'-27 1'-28 SN-33 10-43 
Sc 3.639 3.3 3.721 3.64 3.17 3.303 2.997 3.3(39 2.754 2.566 
V 24.497 16.431 33.351 5.098 4.751 7.19 14.193 28.021 4.893 15.489 
Cr 53.975 42.829 -15.219 50.113 42.522 41.025 51.909 37,406 47,471 51708 
Co 51.157 121.876 82.565 170.611 46.115 40127 138.541 11.175 98.714 100.134 
Ni 71.461 43.22 77.7118 62.715 40.1183 32.072 55.062 28.035 41.868 54.778 
Cu 37.173 8.355 13.229 10.692 14.220 15-1.817 10.259 32.175 11.756 40.21 
Zn 285.362 55.743 31.948 50.89 16.667 23.132 39.789 93.698 24.673 52.504 
Ca 5.129 2.791 3.711 2.288 2.58)6 2.524 2.519 15.295 1.291 2.196 
Rb 1.539 0.425 2.037 0.936 0.274 0.301 0.415 5.102 0.695 0.389 
Sr 35.642 7.01 56.56 15.572 29.882 22.728 10.695 139.579 4.794 11.254 
Y 7.086 2.361 7.279 6.148 10.23 2.387 2.718 14.409 1.341 1.01 
Zr 23.597 11.953 16.185 16.861 20.372 15.92 24 044 31.852 10.818 15.7/3 
Nb 19.655 27.27 33.706 44.597 26.058 33.039 31.196 10.87) 90.22 21.95 
Cs 0.033 0.028 0.084 0.049 0.026 0.022 0.031 0.212 0.026 0.026 
Ba 32.1 14984 67.883 20.852 27.44 16.653 35.365 75.434 29.297 12.13 
Hf 0.311 0.149 0.228 0.288 0.316 0.224 0.376 0.528 0.136 0 244 
la 0.738 0.691 0.375 1.016 0.313 0.437 0.554 0.32 1.279 0.21,  
Pb 229.797 26.982 ND 427.312 22-1.604 155.781 91.326 42.605 56.997 285101 
7h 0.387 0.087 (1.167 (1.174 0,2 25 0.194 0.25 0.287 (1.116 0.22 
U 14,651 2238 5.176 6.7 19.6-16 3fl'w3 2.807 129.668 2.551 3.503 
(SiO4 ; ' before the final precipitation of phosphorites in the basinal 
environment has occurred. 'tile tonic radii and charges of silicon and 
phosphorus are very close to each other and helped to replace in 
the apatite lattice. The higher contents of SiO2 in few phosphatic 
sediment samples may be due to silicification of ores by diagenelic 
process in the sedimentary basin. The precipitation took place in 
the shallow marine conditions of the basin which is a well known 
fact for all older phosphorites. 
The phosphatic sediments with very high P,O, values but low 
Mn contents suggest that concentration of Mn in these sediments 
was not controlled by the restricted water biocoenosis in the blue 
green algae which were responsible for the formation of these rocks 
but was related to the sediments forming in the highly oxidizing 
milieu as has been well documented by ,Banerjee et al., 19S4). 
4.2. Trace elements and rare earth elements 
Phosphorites. in general, show enriched concentration of trace 
elements related to average shale (Turekian and Wedepohl. 1961). 
The trace and REF concentration of phosphatic rocks of the study 
area is given in (Tables 3 and 4), respectively. Moderate concen-
tration of Sr in all types of phosphatic samples and its significant 
correlation with P205 suggests that the Sr is preferentially asso-
ciated with the apatite. It is significant to note that the strontium  
values are quite low as compared to the world wide average (Tooms 
et al.. 1969) of post-Precambrian phosphorites. It is believed that 
Sr is fixed to the apatite lattice directly from the sea water dur-
ing the early biochemical precipitation, where the concentration 
of Sr is invariably related to biological activities leading to its fix-
ation on the micro-organisms. Comparatively lower Sr values in 
these Precambrian phosphorites suggest lower Sr concentration in 
the Precambrian marine waters. (Banerjee et al., 1984). Although 
the Sr content of the samples vary widely but the strong positive 
correlation of Sr with CaO (Fig. 3D) and moderate correlation with 
P03 (Fig. 3E) suggest that Sr is associated more strongly with cal-
cite than with apatite. The concentration of Ni in the phosphatic 
sediments constantly increases and has feeble positive correlation 
with P205 (Fig. 3F), which may be due to iron oxides and adsorp-
tion of Ni in the phosphatic gels. It is however less substitutes in 
apatite that may explain its lower concentration. Zn shows no sig-
nificant relationship with l'705 (Fig. 3G). but the positive CaO-Zn 
plot (Fig. 311) however vaguely suggests partial substitution of Zn 
for calcium in the apatite lattice. It is possible that the apparent 
deficiency of Zn in the phosphatic sedimentary rocks is a function 
of weathering and leaching. V does not show any significant pos-
itive correlation with the P205 (Fig. 4A) although its attraction for 
the apatite mineral assemblage is known since long, being a con 
stituent of the organic carbon assemblages, commonly associated 
cable 4 
Rare earth element tppm) analysis of phosphatic rocks of Sonral Block, district. Lahtpur. U  
10-8 SN-1 1 G-14 G-17 1'-25 1'-28 
La 3.011 0.489 2.76(3 Lbb 3.067 4.254 
Ce 5.294 0.678 3.999 1.872 4.747 8.645 
Pr 0.838 0.095 0.622 0.352 01,43 1.58 
Nd 4.392 0.48 3.438 1.654 3.287 8.781 
Sm 1.181 0.121 0.812 0.345 11.762 2.251 
Eu 0.5 0.054 0.333 0.186 0.309 0.903 
Gd 1.395 0.209 1.03 0.449 11.938 2.51 
Th 0.185 0.039 0.149 0.075 0.134 0.35 
Dv 1.01 0.289 0.914 (3.57 0.914 2.04) 
Ho 0.197 0.07 0.197 0.132 0.224 0.401 
Er 0.502 0.206 0.524 I): 706 0.682 1.018 
I in 0.062 0.03 0.071 0.057 0.086 0.117 
55' 0 433 0.199 0.411 0.326 0.631 0.739  
0.048 0.025 0.05 11.036 0.077 0.08 
19.048 2.984 15.316 8.125 16.501 33.67 r J tt 15.216 1.917 11.11? 6.(174 12.815 2b.414 
V )IREE 3.832 1.067 3.346 2.051 3.636 7.256 
Eu; Eu' 1.8 1.74 1.67 2.18 1.68 1.78 
Ce Ce' 0.78 0.85 0.71 1.17 0.79 0.77 
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FIg. 4. Graphs showing interelement relationships. 
with marine phosphorites. Its affinity for the clay minerals is well 
known, however, the paucity of clay mineral assemblage in these 
phosphatic rocks rule out its association with aluminous silicates. 
V therefore occurs as a part of the association Ni-Cr-Zn-Cu-Ag, 
which is typical of the organic matter derived from the marine 
sediments (Krauskopf. 1955: Gulbrandsen, 1966) and its low con-
centration indirectly suggests paucity of organic matter in the 
phosphatic rocks of the study area. V has no significant relation-
ship with Cr (Fig. 4B). The absence of any relationship between 
these two elements may be due to weathering and leaching of 
the ore by ground water action (Gulbrandsen, 1966: Bliskovskiy, 
1969: Banerjee et al.. 1984: Saigal and Banerjee, 1987). However, 
the lack of significant marine Cr and V an extensive borrowing 
suggest that oxic conditions were attained during deposition of 
the Phosphoria sediments. This would be consistent with sedi-
mentation in a shallow, inner-to back-ramp setting. (Perkins et al., 
2003). The same conditions exist in the study area. The V-Co 
(Fig. 4C) shows antipathetic relationship which perhaps indicates 
that Co may be replaced by V during highly oxidizing conditions 
of the basinal sea waters. In the Mn versus Sr diagram of (Hog-
arth, 1989), some phosphatic samples fall on phosphorite field 
(Fig. 5). 
Enriched concentration of Ba, Cu, Ni and Zn in the phosphorites 
of Namibia and Peru margins has been considered to be typical of 
organic matter derived from marine plankton (Price and Calvert, 
1978: Froelich et al., 1988). These elements are depleted in the 
phosphatic rocks of the study area (Table 3) in comparison to the 
phosphorites (Burnett, 1977: Piper. 1991). phosphate stromato-
lites (Martin-Algarra and Sanchez-Navas, 1995) formed under the 
influence of upwelling. This indicates that planktonic organic mat-
ter may not be the prime source of elements in the phosphatic 
rocks. Since the sediments in the phosphatic rocks of the area were 
formed in shallow shelf conditions some of these elements may 
have recycled back to the overlying water column during sediment 
diagenesis in oxygenated environments. Several workers reported 
variations in trace element distribution during sediment diagenesis 
and suggested that certain trace elements recycle back to the water 
column in oxic conditions and retain the sediments under anoxic 
conditions (Callender and Bowser, 1980; Klinkhammer et al., 1982: 
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Fig. S. Variation in Mn and Sr content (wt%) of the phosphate bearing sedimen-
tary rocks compared with apatites in skarm, phosphorites, granite pegmatites and 
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REE data from the phosphorites of Sonrai block also supports the 
depositional conditions of the basin. The PAAS normalized REE pat-
terns (Fig. 6) of Sonrai phosphorites are characterized by negative 
Ce and positive Eu anomalies. The negative Ce anomalies indicate 
that the depositional environment was oxic, while as positive Eu 
anomaly reveals an anoxic or (sulfate reducing) diagenetic envi-
ronment of phosphorite formation. 
S. Conclusion 
The chemistry of the phosphate bearing sedimentary rocks of 
Sonrai Block shows that the concentration of Fe203 is slightly more 
than that of MnO suggesting fairly oxidizing conditions of the 
basin. The relationship between P205 with Si02 indicates that the 
(PO4) 3 has been mutually substituted by (SiO4)-4 before the final 
precipitation of phosphatic content in the basinal environment. The 
ionic radii and charges of silicon and phosphorus are very close to 
each other and helped to replace in the apatite lattice. The higher 
contents of Si02 in few phosphatic sediment samples may be due to 
silicification of ores by diagenetic process in the sedimentary basin. 
The precipitation took place in the marine, shallower conditions of 
the basin which is a well known fact for all older phosphorites. The 
trace element pattern shown by phosphatic rocks of Sonrai basin 
suggest that all trace elements have low concentration except few, 
which indicates that the number of trace elements are not related to 
the major mineral phase-carbonatefluorapatite. The final redistri-
bution of trace elements within the sediments was exclusively the 
function of their chemistry followed by weathering and leaching 
phases involving the chemical activities of circulating underground 
waters and precipitation of certain mineral phases from ambient 
solutions and there by modifying several elemental arrangements. 
Fixation of most trace elements on the apatite was either through 
the adsorption on the surface of the apatite or by the substitution 
in the apatite lattice. 
The distribution pattern and interrelationship of major, trace 
and rare earth elements reveal that the phosphatization might 
have taken place in highly oxidizing to slightly reducing condi-
tions as evident from the abundance of iron oxides and presence 
of pyritic black carbonaceous shale in Gorakalan Member of the 
lithostratigraphy of the area, in spite of the fact that the basin had 
a restricted circulation. This phenomenon is explained by a picto-
rial model (Fig. 7) illustrating the mineralization of phosphate and 
other minerals which is modified after (Jiang et al.. 2007). It is also 
observed that the organic matter contribution to the phosphate 
precipitation may not be a dominant factor and the water depth of 
the sedimentary basin was extremely shallow with occasional sub-
aerial exposures. Weathering, leaching, replacement, precipitation 
in voids and fissures and diagenesis were also important mecha-
nisms of phosphate generation in the Sonrai Basin. The main source 
for various elements may be the minerals of cratonic mass of Bun-
delkhand Granitic Complex, a basement of Bijawar Group, which 
also provided land derived phosphorus through weathering of the 
terrestrial cover. 
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Rare earth element (REE) geochemistry of phosphorites of the Sonrai area of 
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Abstract: The rare earth element (REE) data from the Paleoproterozoic Bijawar basin, Sonrai phosphorites were used to interpret the deposi-
tional conditions of the phosphorites. The post archean Australian shales (PAAS) normalized REE patterns of the Sonrai phosphorites were 
characterized by negative Cc and positive Eu anomalies. Middle rare earth elements (MREE)-enrichment was a characteristic feature. Phos-
phorites showing the diagenetic effects on the REE patterns were limited. The observed Eu anomaly was indicative of an anoxic (or sulphate 
reducing) diagenetic environment of phosphate formation. Mixing of sea water and upwelling during the Paleoproterozoic was responsible for 
the recording of positive Eu and negative Ce anomalies in the Sonrai phosphorites. 
Keywords: rare earth elements; geochemistry: phosphorites. Sonrai. Bijawar basin; Ce anomaly; Eu anomaly 
The rare earth elements are distributed widely in the 
earth1' -21 and their pattern is applied to explain sedimentary 
environment, process and structural setting of depositional 
basinsl'-51. REEs are also used as important tools in deline-
ating the geochemical environment during the formation of 
authigenic and diagenetic minerals. The distribution patterns 
and abundance of the rare earth elements (REEs) in phos-
phorites have been studied by many workersl°- '0l The varia-
tions in REE content in the different types of phosphorites 
have been either attributed to changes in depositional condi-
tions1 or to mixing of chemical precipitates from sea water 
with land-derived detritusl" 1. Rare earth elements in the 
phosphorites may be derived either directly or indirectly 
from sea water, by remobilization from occluded and associ-
ated clastic materials, ferromanganese oxides and biological 
debrisl12-51, or from a combination of these sources1161. Ilyin 
and Ranikoval"1 found a close relation between the pelletal 
phosphorites and REE abundance. Weathering, burial 
diagenesis and metamorphism may affect both REE concen-
trations and their distribution patterns in the phosphoritest tt1. 
In general, phosphorites show variable Ce anomalies16l , due 
to variations in the composition and amount of associated 
detritus, depositional environment, sea and pore water re-
dox conditions and age. On the other hand, positive Eu 
anomalies have been recorded in some phosphorites, which 
would be attributed either to the incorporation of 
Eu-enriched detritus of volcanic (andesite) provenance or 
to strongly reducing conditions at the time of phosphorite 
formationl191. Further, study of Precambrian phosphorite 
deposits are very important for the study of paleoceanic 
conditions as one of the most global phosphogenesis  
events took place at the Precambrian-Cambrian boundary. 
Such event is attributed to oceanic upwelling that resulted 
in transgression of nutrient-rich, anoxic waters onto conti-
nental shelvesl9.201 
The present investigation has been carried out to study 
the abundance, distribution pattern and interelemental rela-
tionship of REEs of phosphorites of the Sonrai basin of 
early Proterozoic age. The emphasis has been laid on the 
Ce anomaly and marked Eu anomaly in order to delineate 
the environmental conditions prevailing at the time of for-
mation of the phosphorite deposits of Sonrai area, Bijawar 
basin. 
1 Geological set-up 
The Paleoproterozoic to Mesoproterozoic Sonrai area, Bi-
jawar basin, Uttar Pradesh in India is a small intracratonic 
basin with geochemical imprints of fluid interaction with 
host rocks12'I. The study area is located at the extreme south 
west comer of Uttar Pradesh. The basin is 28 km long and 5 
km wide, and shows an east-west extension. The Bijawar 
and the younger Vindhyan, fringe the southern margins of 
the Bundelkhand granite massif (Fig. I )1•  According to 
Srivastava[141, the regional stratigraphy of the study area may 
be given as: Deccan trap and related dykes (Cenozoic age); 
Vindhyan group (Late Proterozoic 1400-600 my); Bijawar 
group (Early Proterozoic>1800 my) and Berwar forma-
tion/bundelkhand granite complex (Archean) in descending 
order. 
The Bijawar in Sonrai area form a linear belt, extending 
for about 28 km. in an east-west direction. They are faulted 
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Fig. I Geological map of Sonrai area, Bijawar basin, Uttar Pradesh (modified after Refs. [22,231) 
against the northern crystalline rocks and the Berwar Forma-
tions to the south, east and west are covered by the flat-lying 
Vindhyan conglomerate and sandstone (Fig. 1)''. The 
rock phosphate occurs in Sonrai (24° 18' 00": 78° 46' 00") and 
is associated with the rocks of Jamuni and Rohini members 
of the Sonrai Formation and is mainly concentrated in a 
stretch of 27 km with a width of 5 km between Pisnari (24° 
19' 00": 78° 44' 30") and Berwar (24° 18' 30": 780 54' 00'). 
West of Jallendhar (24° 18' 45": 78° 43' 53") where outcrops 
are scanty. 
The lithostratigraphic units of the Bijawar group near 
Sonrai block are better exposed and are divided into three 
formations: the Berwar, Sonrai and Solda formations. 
The Berwar formation occurs at the base followed by an un-
conformity. The overlying Sonrai formation is divided into 
four members, which in ascending order are: Jamuni mem-
ber, Gorakalan shale; Rohini member and Bandai member. 
The uppermost Solda formation is divided into three mem-
bers: Chloritic shale; Dhorisagar member and Solda mem-
ber. 
The phosphorites of the Sonrai area are found to occur as 
lenticular and detached bodies throughout the Sonrai forma-
tion of the Bijawar group. They are massive, laminated and 
brecciated and at places criss-crossed by veinlets of apatite. 
Individual bodies range from a few metres to about 4 km in 
length, and width varies from thin bands to about 125 m. 
The occurrence of phosphorites is confined to the Sonrai 
formation, at four distinct stratigraphic levels. The first ho- 
rizon, at the base, consists of massive to brecciated phos-
phorite and occurs within the lower reddish shales, with at 
least three bands identified. The second horizon occurs at the 
base of the brecciated quartzite member, overlying the black 
shales, and consists of brecciated phosphorites containing 
lensoid bodies with phosphorite cement. The phosphorite 
could be the basal part of the brecciated quartzite. The third 
horizon consists of massive to brecciated phosphorite and 
occurs within the brecciated quartzite. This horizon con-
tains angular to subangular fragments of quartzite ce-
mented by high-grade phosphorite. The fourth uppermost 
horizon overlies the brecciated quartzite and is the most 
important phosphorite in the Sonrai area. It is massive at 
places but elsewhere is brecciated with angular to suban-
gular fragments of phosphorite embedded within 
high-grade phosphorite matrix. This horizon is overlain by 
ferruginous qua rtzites126 . 
2 Sampling and analytical methods 
With the help of the geological map of the area, system-
atic sampling was carried out. Fresh representative samples 
(20) for phosphorites were collected at regular intervals in 
the field area. 11 samples for phosphorites were prepared for 
chemical analysis. About 50 mg of each sample was taken 
for crushing and powdering. First of all, the sample was 
crushed in a steel mortar to coarser fractions. The coarse 
material was further crushed in a porcelain mortar till it be- 
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came medium to fine grained. Finally, the material was 
finely powdered in centrifugal ball mill. The powder was 
sieved by standard sieve of —200 mesh. The powder of each 
sample was packed in bottles, numbered and packed prop-
erly for analysis. The whole geochemical analysis (REE) 
was carried out at National Geophysical Research Institute 
(NGRI), Hyderabad. 
Analytical solutions of the samples for REE elements 
were prepared by open acid digestion metbQdI"'l. 50 mg 
powder of rock sample was taken in a clean dried PTFE tef-
Ion beaker. Each sample was moistened with a few drops of 
ultra-pure water. Then, 10 ml of an acid mixture (containing 
7:3:1 HF:HNO3:HCIO4) was added to each sample. Samples 
were swirled until completely moist. The beakers were then 
covered with lids and kept overnight for digestion after add-
ing I ml of 5 pg/ml Rh solution (to act as internal standard). 
The following day, the beakers were heated on a hot plate at 
—200 °C for about 1 h, the lids were removed and the con-
tents were evaporated to incipient dryness until a crystalline 
paste was obtained. The remaining residues were then dis-
solved using 10 ml of 1:1 HNO3 solution in volume ratio and 
kept on a hot plate for 10 min with gentle heat (70 °C) to 
dissolve all suspended particles. Finally, the volume was 
made up to 250 ml with double distilled water (purified wa-
ter) (18 MA) and stored in polyethene bottles. This solution, 
stored in polyethene bottles, was used for the estimation of 
REE elements by inductively coupled plasma-mass spec-
trometry techniques (ICP-MS). The instrumental and data 
acquisition parameters are the same as given in Table 2(271. 
The precision of ICP-MS data is better than ±6% RSD for all 
the REE and was obtained in all cases with comparable ac-
curacy. NIST-120 C standard was used for the phosphorites 
of the study area. 
3 Results 
The chemical analysis of the representative phosphorite 
samples revealed that the concentration of total FREE ranges 
from 2.89 to 38.55 ppm. The concentration of ZLREE 
ranges from 1.92 to 30.21 ppm and that of HREE ranges 
from 0.64 to 8.34 ppm. The ratios of phosphorites of the 
study area CeJLa. ErN/LUN, LaN/SmN, DyN/SmN lie between 
1.23 to 2.03, 1.07 to 1.89, 0.28 to 1.92, 1.03 to 3.04, respec-








higher than that of ZHREE. PAAS (post-Archean Australian 
shales) normalized patterns show characteristic MREE-en-
riched concave down patterns centered on Eu and Gd in all 
the samples (Fig. 2 (a) and (b)). The HREE concentration 
causes flattening of the pattern (Fig. 2 (a) and (b)). The pat-
tern (Fig. 2 (a) and (b)) is closely related with that of quater-
nary phosphorites off the southeast coast of India128l, which 
shows MREE-enrichment and seawater-like pattern. The 
MREE-enriched patterns (Fig. 2 (a) and (b)) are in contrast 
to that of other quaternary and modem phosphoritesile-2'1 and 
Cretaceous phosphate stromatolites1301, which show 
shale-like patterns. Since seawater has very low concentra-
tion of REE'"), imposition of the seawater profile on the 
hydrothermal signature should only be expected during pro-
longed exposures of the sediments to seawater. The phos-
phorites samples contain lower REE than the global average 
of apatite in phosphorites (457 ppm(3~1), and dolomitic 
phosphorites in Xinhua, Guizhou, China (100 to 1000 
ppm1331), but comparable with REE concentration in apatite 
pellets or clasts on the continental shelves of Peru and 
southern Africa 83), due to enrichment of the latter in the 
light REE (LREE) fraction. 
The PAAS normalized REE distribution patterns of the 
phosphorite samples of study area show Eu positive anomaly 
(Fig. 2 (a) and (b)). Eu anomaly was evaluated by Eu/Eu ra-
tio. where Eu is the measured concentration, and Eu is the 
concentration after interpolation from the distribution curve 
between Sm and Gd as if there is no anomaly181. Taylor and 
McLennan1351 recommend using the geometric mean; in this 
case. Eu/Eu' = Eu, /J(Sm) • (Gd.) . Eu/Eu' ratio lies 
between 1.30 to 1.80 in phosphorites (Table 1). 
The phosphorites of the study area also show negative Ce 
anomaly (Fig. 2 (a) and (b)). Ce anomaly was evaluated by 
Ce/Ce' ratio, where Ce is the measured concentration, and 
Ce the concentration after interpolation from the distribu-
tion curve between La and Pr as if there is no anomaly. In 
geometric mean, Ce/Ce' = CeH / (La N ) . (PrN ) . The con-
centration of CdCe* in study lies between 0.71 to 0.85 (Table 1). 
4 Discussion 
The study area shows low concentration of REEs. The 
I (b) 
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Fig. 2 PAAS- normalized REE patterns in the phosphorites of the Sonrui area 
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tablet Rare earth elements (RU). 't 7.r contents of the Sonrai pho%phorites (ppm) 
Ti)-8 SN-I I (;•14 P-25 I'.'t, P._" P-28 55-33 10.43 1(N5 10.52 
1.1 ',, II 1)4•) 27 ;II' II'!, 77), 425 11lr1 117 555 606 
5I 1(68 400 475 ('r 133 338 X65 083 166 1109 1107 
Pr 081 010 062 064 0.72 040 1 58 0.11 020 1.72 1.71 
Nd 4 39 0.48 344 329 1.26 1.62 878 053 0.92 895 851 
Sm 1 	18 1) 12 081 0.76 035 0.21 2 25 009 (1 17 7(j) 1 76 
Fu OS 005 033 031 012 009 0'X1 004 007 01(1 065 
(Id 140 021 103 094 035 0 	, 2 51 014 09 24-I 199 
Th 019 0(14 015 013 005 005 035 003 003 )137 031 
Ih lot 0.29 0.91 091 029 035 204 018 0 17 224 181 
Ito 0-20 0.07 0.20 022 0.06 008 040 004 0.03 0.46 038 
Er 050 021 0.52 068 018 025 107 012 010 127 103 
I In 006 0.03 007 009 007 004 0.12 002 001 0 17 0 15 
Yb o43 020 041 063 016 027 0.74 OIl 010 124 099 
Lu 005 0.03 005 008 0.02 003 008 002 001 0.16 013 
LFt f f 1905 298 15 32 1650 518 986 33.67 289 383 3855 36.54 
RI1 1522 1.92 119" 1282 4.05 845 2641 274 318 3021 29.75 
2111Rt1- 383 107 335 369 113 141 726 065 064 834 679 
1 709 236 728 1023 239 272 1441 I 34 101 12.86 10.33 
7r 1360 1 195 1619 20 37 15 92 74.04 3185 1082 15.77 23887 21178 
('e1.a 1,76 139 145 1.55 176 113 2.03 1.30 1.47 200 181 
F.0 Eu' 180 1.74 167 168 1.61 15I 178 130 176 167 1.63 
('e ('e' 078 085 0.71 0.79 083 080 0.77 073 0.85 082 079 
La. Sin, 038 060 050 0.59 032 192 0.28 107 102 039 051 
Er.I uti 155 1 " 1 55 1 	31 124 1 0-  12C+ I 	In 1 	16 1 20 1 " 
Ia..Sm. 109 -,IN 133 153 103 '14 1.15 .6? 127 136 1 	"1 
loss RI E concentration ofphosphorites ma-, be resulted from 
the associated sand% carbonate sediments and di flerent initial 
substrate. Rates of tercigenous sedimentation 'sere loss in 
stud) area. schich ma) explain the loss REF. contents of the 
phosphorites. It appears that the a%ailahilit> of REEs in the 
reaction /one of the phosphorite formation is more imp rt4nt 
and thus the host sediments determine the REE patterns °I. 
I he patterns reported hose. host es er. resemble those of the 
I )es onian phosphatic nodules from I. ti.\I :` I, nodules front 
\lontagnc. Noire. Frances' I. Cambrian apatite stromatolites 
of.Miica`":. phosphorites Isom the southeast coast of Indial"'I 
and Paleozoic biogenic phosphorites and microfossils 4`L . 
Fhe Io\\ REE concentration is also found in phosphatic nod-
ules from the continental margins of tndiai''t. Such loss con-
centrations are consistent with the su2eestion of McArth.ur 
and Walsh " that trancolitc characterislicall\ forms %% ith c\-
tremel Io\% _RI.I contents. 
The 1IRFF-enriched patterns (Fig. 2 (a) and (h)) in the 
Sonrai phosphorites imply that the REEs of the seatsa:er 
'sere fractionated in tasor of the t1REI.s or selectise uptake 
of \IREEs \%as insolvedl-al. Ilo\lc et at.1411 reported 
MMRII:-enriched patterns in the Ilocculents and precipitates 
from riser slater mixed \%ith seats ater. Set era! Palcoroic 
phosphorites including hiogenic phosphorites)3'421: phos-
phorite nodules'-' and apatite stromato)itey N showed dis-
tinct VIREI:-enriched patterns that resulted front the adsorp-
tion of RI:I.s onto ferric-ox h\droxides. I losses or. in the  
case of studs area phosphorites. although the scasenging by 
Fe-ox_\h\droxides mat hate contributed some REEs. this 
alone cannot explain the ohser%ed patterns. 131iskossky et 
aL1'I stated that the tine-grained terrigenous sediment ft-ac-
tion dorvinanth influences the REF Concentration in pho -
phorites. 
ConunonlN. positise Eu anomalies are interpreted as a re-
sult of e.tremcly reducing conditionst44.41. 'I he PARS nor-
maliied RI•:I. distribution patterns of' the phosphorite sain-
ples of the studs area shots positive Eu anomaly (Fig. 2 (a) 
and (h)). The concentration of FWI-:u*  ratio lies betv.een 1.30 
to I.80 in phosphorites of the study area (Table 11. Positi'.e 
Eu anomalies hate been reported from the phosphorites of 
the Peru-Chile shell' and phosphate concretions of the Na-
mihian shelt0Ol. Such anomalies have been attributed either 
to the incorporation of Eu-enriched detritus of solcanic (an-
desitic) provenance, or to strongly reducing conditions at the 
time of phosphorite formation. It has been argued by several 
authors that I':u-concentrations in sediments cannot he 
changed am more during rock diagenesis. I loss eser. sonic 
information is no\% asailable regarding Lu mobility in 
strong[\ reducing conditions at loss temperatures. l3aturinel'91  
has demonstrated that phosphorite concretions in the Na-
mibian shelf are exceedingly depleted in Lu during earl\ 
diagenetic iransnxrvasiont. sshem the Eh is around -330 mV. 
It appears that in such highly reducing em ironments Lu" is 
reduced to divalent Eu state s+hich easih leaks from the 
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concretions. On the basis of thermochemical considerations, 
Sverjensky D AI'6I has demonstrated that at 25°C Eu2- oc-
curs only under extremely reducing alkaline condition. He 
further pointed out that the most common environment of 
this type is the pore water of anoxic marine sediments at 
depths below the sea water sediment interface where sulfate 
reduction has gone to completion. It can therefore be con-
cluded that, although reduction of Eu'' and its subsequent 
mobilization are rare under normal conditions, such proc-
esses are feasible and may actually occur locally in highly 
reducing and alkaline diagenetic environmental•11. 
Knowledge about paleor dox conditions is essential for 
reconstructing the way in which the oxygenation of the 
Earth's surface environment has changed through time and 
affected the evolution of life on our pianetl48 j. The ratio 
Ce/Ce' has been used in sedimentary rocks to interpret the 
redox conditions in seawater at the time when the REEs 
were incorporated into the marine sediment~491. Ce may be 
oxidized in seawater from the +3 to the more insoluble +4 
oxidation state, thus enriching the sediment in Ce relative to 
the other REEs14° 521. The phosphorites analyzed in this study 
contain lower Ce/Ce (average 0.79) as shown is Table 1. 
Present seawater is characterized by Ce/Ce' values of 
0.4-0.71s'1, where as the average shales typically yield 
Ce/Ce values of-l.("1. Therefore, the Ce/Ce values of 
phosphorites are slightly higher as compared to those of 
present ocean water. This indicates oxic conditions for the 
phosphorites. Shi C H and Wright et al.l°•'0I also defined 
negative Ce anomalies as oxic conditions and Elderfield H 
et al.ls 	pointed out that the presence of negative Ce 
anomaly in phosphorites is generally considered as an indi-
cator of a seawater-derived pattern. 
Ce anomalies may be modified in later diagenesisl's-71 
0.86 
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However, Shi C H at al .195 suggested that Ce anomaly in 
apatites represents primary signatures if there is no correla-
tion between La/Smr, and Ce anomaly with LaN/SmN ratios 
of 70.35. The Sonrai phosphorites show no correlation be-
tween Ce/Ce and Dy,./SmN (Fig. 3), revealing that the Ce 
anomaly is a depositonal seawater signature. 
Shields G et al.1"I have shown that later diagenctic proc-
esses produce a negative correlation between Ce anomaly 
and Dy N/SmN, a positive correlation between Ce and Eu 
anomalies and a positive correlation between Ce anomaly 
and total REE contents in phosphorites. The present study 
shows no correlation between Ce anomaly and DyN/SmN 
(Fig. 3 (b)), a positive correlation between Ce/Ce' and 
Eu/Eu* anomalies (Fig. 3 (c)) and weak negative correlation 
between Ce anomaly and total REE (Fig. 3 (d)) contents of 
the phosphorites suggesting that the diagenctic effects on the 
REE patterns are limited. 
S Conclusions 
The rare earth element (REE) geochemical analysis of the 
Paleoproterozoic phosphorites of the Bijawar basin Sonrai 
area allowed the following conclusions: 
(1) Characteristic features pertaining to total abundance, 
elemental abundance and distribution patterns of the REE in 
the Sonrai phosphorites indicated that the total REE concen-
trations of the phosphorites were lower than those of the 
other early Cambrian phosphorites, which indicated that the 
rates of terrigenous sedimentation were low in phosphorites. 
The low concentration also indicated that francolite charac-
teristically formed with extremely low FREE contents. 
(2) The PAAS normalized patterns showed MREE en-
richment implied that the REEs of the seawater were firac- 
(b) 	♦ 	R=-0.00 • 
• 
0.821. 
0 0.78 ♦ 
0.74 r 	 ♦ 
♦ 
0.701 	 ' 
0.00 1.00 	2.00 	3.00 	4.00 
Dy,/Sm, 
0.86 
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Fig. 3 Cross plots (a. b, c, d) of various parameters calculated from the PAAS-normalized abundance of the phosphorite of the Sonrai area 
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tionated in ta%or of the NIRIIs or seIectise uptake of 
\IRI. , s%as insured. \IRIiI. enrichment ss:u also resulted 
from the adsorption ut REFs onto ferric-oxs hs drox ides. 
(3) IIte absence of correlation betsseen i.e.. Ce.'Ce* and 
I.a5/Sm,. in the Sonrai phosphorites resealing that the Ce 
anomat\ \L as a depositonal sea%% ater signature. 
(•I) No correlation between Cc anomal. and Dv \,'Sm,\: it 
positive correlation hcisseen Ce anomal and I.0 anonial" 
and sneak negati\e correlation between Ce ;utumah and total 
RE!: contents of phosphorites suggest that the diagenetic et= 
feets on the REI. patterns are limited. 
(5) Nonntaliicd RIT distribution patterns shunned pusitise 
I.0 and negalise C'e anomalies. l he positis e E:u anomaly in-
dicated the reducing condition of the phosphorite formation. 
I lie presence of negatise ('c anomal% in phosphorilcs ssas an 
indicator of a scas+atcr-dcrised pattern. The negatise C'c 
anomal. also indicated oxidizing conditions encountered: 
Ce' iii igirt be oxidized to Ce " and be leached. reWltil]L' in it 
neecui\e Cc anomaly. Negatisc Cc anomalies in francolites 
might he direct[y inherited from seawater under oxidizing 
conditions. 1 hits. ('e anomalies hale been used to infer pa-
Ieooceanic redo\ conditions. 
Iheref6re. \egatise Ce and plssitise I:u anomalies in 
phosphorite samples of the Sonrai area. Bijiassar basin sug-
gested that these phosphorites sere deposited in lairl oxi-
,iiiing to ;lighth reducing conditions. 
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